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PREFACE 


The  Third  Symposium  on  Significant  Results  Obtained  from  the  first  Earth 
Resources  Technology  Satellite  (ERTS-1)  was  held  from  December  10-14,  1973  at 
the  Statler  Hilton  Hotel  in  Washington,  D.  C.  The  Symposium  was  sponsored  by  the 
National  Aeronautics  and  Space  Administration,  Goddard  Space  Flight  Center.  The 
structure  of  this  Symposium  was  similar  to  the  one  held  from  March  5-9,  1973.  The 
Opening  Plenary  Session  on  Monday  morning  contained  two  papers  of  general  inter- 
est to  tSie  entire  audience,  one  on  the  status  of  the  ERTS-1  system  and  a report  on 
the  Canadian  ERTS  program.  The  next  two  and  one-half  days  were  devoted  to 
contributed  papers  in  the  various  disciplines  presented  during  three  parallel  sessions. 
These  papers  are  contained  in  Volume  I of  the  Proceedings. 

The  Thursday  Summary  Session,  as  before,  was  designed  to  highlight  and  summarize 
the  significant  restdts  from  the  first  three  days  and  also  to  present  some  typical 
examples  of  the  applications  of  ERTS  data  for  solving  resources  man^ement  prob- 
lems at  the  national,  state  and  local  levels.  This  Session  was  highlighted  by  an 
introductory  address  by  Dr.  James  C.  Fletcher,  NASA  Administrator,  and  by  a 
keynote  address  by  Dr.  John  C.  Whitaker,  Under  Secretary  of  the  Interior,  U.S. 
Department  of  the  Interior.  The  presentations  from  this  session  are  contained  in 
Volume  II  of  the  Proceedings. 

Volume  III  contains  the  Discipline  Summary  Reports.  These  are  based  on  a report 
produced  from  a two-week  long  series  of  intensive  interviews  with  the  individual 
ERTS-1  Principal  Investigators  and  then  updated  and  extended  from  the  material 
presented  at  the  Third  ERTS  Symposium.  The  interviews  were  organized  and 
directed  by  Dr.  O.  Glenn  Smith  of  the  Earth  Resources  Program  Office  at  the 
Johnson  Space  Center  and  were  held  at  the  Goddard  Space  Flight  Center  from 
October  22  to  November  2,  1973.  The  Discipline  Summary  Reports  were  written  by 
Working  Groups  in  each  of  the  disciplines  which  were  convened  on  Friday, 
December  14.  These  Working  Groups  were  chaired  by  the  respective  discipline  ses- 
sion chairmen  and  were  composed  of  selected  specialists  in  the  various  disciplines. 
Opinions  and  recommendations  expressed  in  these  reports  are  those  of  the  panel 
members  and  do  not  necessarily  reflect  an  official  position  of  NASA. 


Stanley  C.  Freden 
Symposium  Chairman 
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Paper  W 1 


MAPPING  SNOW  EXTENT  IN  THE  SALT-VERDE  WATERSHED  AND  THE  SOUTHERN 
SIERRA  NEVADA  USING  ERTS  IMAGERY 

James  C.  Barnes,  Clinton  J.  Bowley  and  David  A.  Simmes,  Environmental  Research  & Technology,  Inc., 
Lexington,  Massachusetts  02173 


ABSTRACT 


In  much  of  the  western  United  States  a large  part  of  the 
utilized  water  comes  from  accumulated  mountain  snow- 
packs;  thus,  accurate  measurements  of  snow  distributions 
are  required  for  input  to  streamflow  prediction  models. 
The  application  of  ERTS  imagery  for  mapping  snow  has 
been  evaluated  for  two  geographic  areas,  the  Salt-Verde 
Watershed  in  central  Arizona  and  the  southern  Sierra 
Nevada  in  California.  Techniques  have  been  developed  to 
identify  snow  and  to  differentiate  between  snow  and 
cloud.  The  snow  extent  for  these  two  drainage  areas  has 
been  mapped  from  the  MSS-5  (0.6-0. 7 pm)  imagery  and  com- 
pared with  aerial  survey  snow  charts,  aircraft  photog- 
raphy, and  ground-based  snow  measurements. 
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INTRODUCTION 


Snow  cover  greatly  affects  the  large-scale  geophysical  environment  of  the 
earth,  influencing  both  the  heat  balance  at  the  surface  and  the  world -wide 
water  balance.  Moreover,  in  many  parts  of  the  world,  including  the  western 
United  States,  snow  has  a direct  economic  impact.  In  the  West,  much  of  the 
utilized  water  comes  from  accumulated  mountain  snowpacks.  The  snowmelt 
runoff  is  used  for  irrigation,  industrial  production,  power  generation, 
public  consumption,  and  recreation.  Too  much  runoff  may  have  strong  adverse 
effects  in  the  form  of  destructive  flooding.  One  only  has  to  look  at  the 
1972-73  winter  season  to  gain  an  understanding  of  the  impact  of  snow  on  the 
economy  of  the  western  part  of  the  country;  in  central  Arizona  exceptional 
winter  snowfall  resulted  in  replenished  groundwater  and  a summer  of  abundant 
water  supplies,  whereas  in  the  Pacific  Northwest  a winter  of  well -below  normal 
snowfall  produced  a power-generation  crisis  later  in  the  year. 


Because  of  the  hydrologic  importance  of  snow  accumulation,  accurate  monitoring 
of  the  snowpack  distribution  is  required.  Remote  sensing  from  earth-orbiting 
satellites  now  provides  observations  of  snow  that  have  not  previously  been 
available  and  offers  promise  for  eventually  providing  a more  cost-effective 
means  for  snowpack  monitoring.  In  fact,  as  long  ago  as  1960,  snow  could  be 
detected  in  eastern  Canada  in  the  initial  pictures  taken  by  the  first  weather 
satellite,  TIROS-1.  Snow,  therefore,  can  perhaps  be  considered  as  the  very 
first  water  resource  to  be  observed  from  space. 
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APPLICATION  OF  SATELLITE  OBSERVATIONS  TO  SNOW  HYDROLOGY 


Studies  such  as  those  by  Leaf  (1969)  and  Leaf  and  Haeffner  (1971)  have  shown 
that  in  mountain  snowpacks,  a functional  characteristic  exists  between  extent 
of  snow  cover  during  the  melt  season  and  accumulated  runoff.  These  snow-cover 
depletion  relationships  are  useful  for  determining  both  the  approximate  timing 
and  the  magnitude  of  seasonal  snowmelt  peaks.  Thus,  snow  extent,  which  can  be 
readily  obsexved  from  space,  is  in  itself  a significant  hydrologic  parameter. 


Since  the  time  of  the  first  TIROS  pictures,  an  increasing  use  has  been  made  of 
remote  sensing  from  satellites  to  map  snow  extent.  Studies  have  demonstrated 
that  valuable  information  on  snow  distributions  could  be  derived  even  from  the 
relat^pflv  poor  resolution  data  of  the  earlier  meteorological  satellites 
(Barnes  and  Bowley,  1968;  McClain,  1970,  1973).  Now,  the  NOAA  and  ERTS  space- 
craftMfstems  are  providing  data  with  greatly  improved  sensor  resolutions. 
ThethyjteoloEic  applications  of  the  NOAA-2  VHRR  (Very  High  Resolution  Radiometer) 
are  discussed  by  Wiesnet  and  McGinnis  (1973);  the  preliminary  results  of  snow- 
mapping studies  using  ERTS-1  were  presented  at  the  Second  ERTS  Symposium  by 
Barnd^nd  Bowley  (1973a)  and  by  Meier  (1973). 

Thisfpaper  presents  further  results  of  the  investigation  to  evaluate  the  appll- 
catipB  of  ERTS  data  for  mapping  snow  cover,  primarily  in  the  mountainous  areas 
of  the^estem  United  States.  The  specific  objectives  of  the  study  were  to 
detefUhe  the  spectral  interval  most  suitable  for  snow  detection,  to  determine 
the  accuracy  with  which  snow  lines  can  be  mapped  in  comparison  with  the  accur- 
acies attainable  from  other  types  of  measurements,  and  to  develop  techniques 
to  differentiate  reliably  between  snow  and  clouds  and  to  understand  the  effects 
of  terrain  and  forest  cover  on  snow  detection.  The  snow  extent  mapped  from 
the  ERTS  imagery  has  been  correlated  with  standard  snow  measurements,  aerial 
survey  snow  charts,  and  aircraft  photography. 


LOCATIONS  OF  TEST  SITES 


The  investigation  of  the  ERTS  data  has  been  concentrated  in  two  geographic 
areas  in  which  snow  hydrology  is  of  great  importance:  the  southern  Sierra 
Nevada  in  California  and  the  Salt-Verde  Watershed  in  central  Arizona.  The 
area  of  interest  in  the  southern  Sierras , shown  in  Figure  1 , comprises  four 
river  basins,  which  eventually  drain  into  the  San  Joaquin  Valley.  The  four 
basins  with  their  approximate  areas  are  the  Kings  (4000  km^),  the  Kaweah 
(1450  km^),  the  Tule  (1013  km^) , and  the  Kem  (5372  km^) . As  pointed  out  by 
Anderson  (1963),  the  annual  stream  flow  in  the  areas  adjacent  to  the  southern 
San  Joaquin  Valley  is  the  most  variable  of  any  California  watershed,  due 
mainly  to  a large  variability  in  the  number  and  intensity  of  the  winter 
storms  crossing  the  region. 


The  Salt  and  Verde  river  basins  are  considerably  larger  in  area,  being  approx- 
imately 15,128  km^  and  14,646  km^,  respectively.  In  his  paper  on  the  use  of 
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remote  sensing  as  a water  management  tool  on  the  Salt-Verde  Watershed, 
Warskow  (1971)  points  out  that  although  the  water  content  of  the  Salt-Verde 
snowpack  is  diminutive  in  cts^arison  with  that  of  areas  such  as  the  Sierras 
and  Cascades,  it  is  still  the  major  source  of  surface  runoff  in  the  state 
of  Arizona.  Moreover,  the  Arizona  snowpack  is  extremely  variable  from  year 
to  year  because  of  its  location  at  the  southern  edge  of  the  continental 
snowpack. 


In  both  of  the  geographic  areas  of  the  investigation,  the  snowpack  was  above 
normal  for  the  sample  period,  the  1972-1973  snow  season.  In  the  southern 
Sierra  Nevada,  the  California  Department  of  Water  Resources  reports  that 
early  in  the  winter  the  snowpack  that  had  accumulated  by  late  December  was 
depleted  at  lower  elevations  and  reduced  at  higher  elevations  by  warm  storms 
during  early  January,  but  subsequent  storms  and  colder  weather  brought  the 
snowpack  to  above  normal  by  the  first  of  Februairy.  A relatively  wet  February 
raised  the  water  content  of  the  snowpack,  and  the  continuation  through  March 
of  cool,  wet  weather  boosted  the  snow  water  content  to  greater  amounts  in 
most  watersheds.  On  the  first  of  April,  the  snow  water  content  at  mid-eleva- 
tions of  the  Kem,  Kaweah,  Tule,  and  Kings  River  Basins  was  greater  in  per- 
centage of  nonnal  than  at  the  higher  elevations.  In  fact,  two  snow  courses 
in  this  area  had  water  contents  that  exceeded  the  maximum  water  content  ever 
recorded.  Although  precipitation  was  below  noimial  during  April,  the  snowpack 
water  content  was  still  well  above  normal  in  early  May.  Snow  course  measure- 
ments made  about  the  first  of  May  indicated  a snowpack  water  content  as  high 
as  315  percent  of  average  in  the  Tule  River  Basin.  On  this  date  the  water- 
year  streamflow  for  the  San  Joaquin  drainage  area  was  forecast  to  be  100  to 
150  percent  of  average. 


The  1972-73  season  produced  a record  snowpack  accunoilation  in  the  Salt-Verde 
Watershed.  Precipitation  for  the  October  through  April  period  was  iraach  above 
normal,  and  the  snowpack  at  its  maxiimim  in  early  April  was  estimated  to  be  as 
much  as  500  percent  of  normal  in  the  Verde  River  Watershed  and  300  percent  in 
the  Salt.  In  April  the  runoff  forecast  for  the  Verde  was  nearly  400  percent 
of  the  1953-1967  average  and  for  the  Salt  more  than  350  percent.  Obviously, 
throughout  the  1972-1973  winter  and  spring  seasons,  snow  hydrology  was  a vital 
concern  in  Arizona  water  management  programs. 


PROCEDURES  FOR  IDENTIFYING  AND  MAPPING  SNOW 


Examination  of  the  ERTS  data  has  shown  that  contrast  between  snow  covered 
and  snow  free  terrain  is  greatest  in  the  MSS-4  (0.5  to  0.6  ym)  and  MSS-5 
(0.6  to  0.7  ym)  spectral  bands.  The  MSS-5  data  appear  to  be  the  more  useful 
of  the  two  bands  for  snow  mapping,  because  in  some  of  the  MSS-4  images  snow 
covered  areas  are  near  saturation,  causing  a loss  of  detail  in  the  snow 
pattern.  In  the  longer  wavelengths,  especially  the  MSS-7  near-IR  band  (0.8 
to  1.1  ym),  snow  cover  is  more  difficult  to  detect.  A limited  sample  of 
color  conq)osite  data  has  also  been  examined. 
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Snow  cover  can  be  identified  in  the  MSS-5  data  because  of  its  greater  re- 
flectance than  the  surrounding  snow  free  terrain.  Although  snow  and  clouds 
have  similar  reflectances,  mountain  snow  cover  can  be  differentiated  from 
cloud  primarily  because  the  configuration  of  the  snow  patterns  is  very  dif- 
ferent from  cloud  fields  and  can  be  instantly  recognized.  The  snow  boundaries 
are  also  sharper  than  typical  cloud  edges,  and  snow  fields  usually  appear 
with  a more  uniform  reflectance  than  do  clouds,  which  have  considerable  vari- 
ation in  texture.  Furthermore,  clmid  shadows  are  usually  visible,  especially 
with  cumulifom  clouds,  and  vari<nis  terrestrial  features  can  be  recognized  in 
clcHid-free  areas.  Because  of  the  high-resolution  of  the  ERTS  data,  numerous 
terrestrial  features  that  are  not  visible  in  lower-resolution  meteorological 
satellite  photographs  can  be  recognized.  In  addition  to  natural  features, 
such  man-made  features  as  roads,  power  line  swaths,  and  cultivated  fields  are 
detectable.  In  the  heavily  forested  areas  of  the  Cascades,  timber  cuts  are 
clearly  visible. 


In  the  analysis  procedure  the  snow  line  was  mapped  at  the  edge  of  the  brighter 
tone  without  regard  to  changes  in  brightness  within  the  overall  area  deduced 
to  be  snow  covered.  Although  snow  covered  areas  often  exhibit  fairly  uniform 
reflectance,  variations  due  prianarily  to  forest  effects  are  observed.  For 
the  specified  test  sites  the  snow  limit  was  mapped  from  the  9.5  inch  ERTS 
prints  supplied  by  NASA  (scale  1:1  million)  and,  in  some  instances,  from  re- 
processed enlarged  prints  (scale  1:500,000).  In  the  central  Arizona  test 
site  no  significant  differences  have  been  found  between  the  original  and  re- 
processed prints.  In  the  Sierra  Nevada  test  site,  however,  the  effects  of 
mountain  shadows,  which  are  a problem  in  the  low-sun  angle  winter  data,  are 
somewhat  reduced  through  the  reprocessing;  certain  snow  - no  snow  boundaries 
that  are  obscured  in  the  original  prints  can  be  detected  in  the  reprocessed 
prints.  For  the  Arizona  test  sites,  the  scale  of  the  9.5  inch  ERTS  prints 
is  the  same  as  the  scale  of  aerial  survey  snow  charts,  used  as  one  source 
of  correlative  information;  therefore,  transfer  of  the  snow  extent  mapped 
from  the  ERTS  image  to  the  aerial  survey  base  map  could  be  easily  accomplished. 


RESULTS  OF  DATA  ANALYSIS  FOR  SOUTHERN  SIERRA  NEVADA 


In  the  ERTS  orbital  configuration  the  Keim  Basin  is  covered  on  one  day  and 
the  Kings,  Kaweah,  and  Tule  (and  part  of  the  Kem)  on  the  following  day.  Be- 
cause of  cloud  obscuration,  the  entire  four-basin  area  was  not  mapped  in  each 
case;  however,  during  the  period  from  early  December  through  late  May,  a major 
part  of  the  area  was  sufficiently  cloud  free  to  be  mapped  on  seven  of  the  ten 
ERTS  cycles.  In  Figures  3 and  4,  ERTS  MSS-5  images  covering  the  Kings  River 
Basin  on  20  April  and  26  May  are  displayed.  The  decrease  in  snow  extent  dur- 
ing the  36  day  interval  is  evident. 


For  each  river  basin  of  the  southern  Sierra  Nevada  the  snow  line  elevation 
was  determined  directly  by  conq>aring  the  snow  map  derived  from  the  ERTS  J®S-5 
image  with  superimposed  elevation  contours.  In  addition,  the  snow  line  eleva- 
tion was  determined  by  measuring  with  a planimeter  the  percentage  of  the  basin 
snow  covered  and  referring  to  the  area  - altitude  curve  for  the  particular 
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basin.  In  an  earlier  study  using  meteorological  satellite  photography,  the 
snow  line  elevation  for  the  Kings  Basin  was  determined  in  this  way  (Barnes 
and  Bowley,  1970).  Recently,  the  snow  line  determined  from  areal  snow  extent, 
or  the  equivalent  snow  line  altitude  (ESA),  has  been  discussed  further  with 
regard  to  ERTS  data  (Meier,  1973). 


The  snow  line  elevation  determined  from  a direct  coiq>arison  with  e contour 
chart  varies  considerably  within  each  river  basin.  The  Kings  River  Basin  in 
the  southern  Sierras,  for  example,  was  divided  into  three  sections,  and  the 
mean  elevation  for  each  section  was  determined  from  a large  number  of  data 
points.  For  three  cases  during  the  spring  season,  the  mean  difference  between 
the  section  with  the  highest  snow  line  elevation  and  that  with  the  lowest  is 
of  the  order  of  400m,  Because  of  the  observed  variation  in  the  snow  line  ele- 
vation measured  directly,  which  can  be  influenced  significantly  by  small  mapping 
errors,  it  is  believed  that  the  equivalent  snow  line  altitude  (ESA)  is  a more 
meaningful  measurement  with  regard  to  the  application  of  satellite  data  to  snow 
mapping. 


COMPARISON  BETWEEN  ERTS  DATA  AND  AERIAL  SURVEY  SNOW  CHARTS 


Aerial  survey  snow  charts  depicting  snow  extent  in  the  four-basins  area  were 
prepared  by  the  Corps  of  Engineers  on  five  dates  between  27  April  and  11  June. 
The  percentages  of  basin  snow  covered  as  measured  from  the  ERTS  imagery  (by 
transferring  the  snow  line  to  a base  map  and  planimetering  the  area)  and  as 
measured  from  the  aerial  survey  snow  charts,  are  shown  for  each  river  basin  in 
Figure  5.  In  addition,  for  the  instances  where  an  ERTS  observation  was  avail- 
able near  the  date  of  an  aerial  survey,  the  percentages  measured  from  each  were 
compared  directly.  The  comparative  values  are  shown  below  in  Table  1. 


TABLE  1 


SNOW  EXTENT  IN  SOUTHERN  SIERRA  NEVADA  MEASURED 
FROM  ERTS  AND  FROM  AERIAL  SURVEY  SNOW  CHARTS 


Data  Sample 

% Snow 

Cover 

ESA* 

River 

Basin 

Number 
of  Cases 

Mean 

Difference 

Maximum 

Difference 

^fean 

Difference 

Maximvim 

Difference 

Kings 

4 

4.5% 

5% 

137m 

152m 

Kaweah 

3 

9.0 

14 

264 

426 

Tule 

3 

4.3 

6 

203 

244 

Kem 

2 

3.5 

6 

92 

122 

*ESA  is  Equivalent  Snowline  Altitude 
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The  results  of  the  comparison  indicate  overall  close  agreement  between  the 
ERTS  and  aerial  survey  data.  For  each  case  tested  the  percentage  of  the 
basin  snow-covered  measured  from  ERTS  is  somewhat  greater  than  that  measured 
froiii  the  aerial  survey.  Thus,  the  ESA  determined  from  ERTS  is  lower  than 
the  ESA  deteimned  from  the  aerial  survey  chart.  The  maximum  difference 
ill  percentage  snow-cover  is  6%  for  every  basin  tested  except  one;  the  one 
value  greater  than  6%  is  14%  for  the  Kaweah  Basin  in  the  comparison  between 
the  26  May  ERTS  and  22  May  aerial  survey  observations.  From  an  examination 
6f  the  comparative  snow  extent  maps,  it  appears  that  more  detail  can  be  mapped 
from  the  ERTS  imagery  than  is  mapped  by  the  aerial  observer. 


The  slightly  greater  percentage  snow-cover  measured  from  the  ERTS  data  may  be 
the  result  of  spring  stoim  that  deposit  snow  below  the  elevation  of  the  sub- 
stantial snowpack . Personnel  at  the  Corps  of  Engineers  report  that  in  the 
late  spring  light  snowfalls  (a  few  inches)  are  not  mapped  as  snowpack  by  the 
aerial  observer.  In  the  ERTS  imagery,  the  areas  covered  by  only  a few  inches 
of  snow  may  still  appear  very  bright  and  be  mapped  as  the  snowpack.  In  the 
case  with  the  greatest  discrepancy,  however,  the  value  derived  from  the  aerial 
survey  chart  for  the  Kaweah  Basin  on  22  May  seems  to  be  out  of  line  with  the 
other  values  and  with  the  values  measured  on  that  date  for  the  other  river 
basins  (Figure  5).  It  may  be,  therefore,  that  in  the  Kaweah  Basin  the  aerial 
survey  snow  line  for  that  date  is  questionable  rather  than  the  ERTS  analysis 
being  in  error. 

Comparison  Between  ERTS  Imagery  and  Aircraft  Photography 

In  support  of  the  ERTS  investigation,  high-altitude  aircraft  photography  were 
collected  by  the  NASA/ ARC  Earth  Research  Aircraft  Project  (ERAP)  over  the 
southern  Sierra  Nevada  on  20  February.  Three  segments  of  the  flight  cross 
areas  covered  in  the  ERTS  imageary  of  25  February.  Parts  of  two  of  the 
segments  are  within  the  four-basin  area,  whereas  the  third  is  just  north- 
east of  that  area.  The  segment  northeast  of  the  Kings  River  Basin  crosses 
Mono  Lake  and  the  Owens  River  in  the  vicinity  of  Bishop,  A portion  of  the 
ERTS  image  covering  the  area  near  Bishop  is  shown  in  Figure  6;  the  corre- 
sponding aircraft  photography  in  approximately  the  same  spectral  band 
(0.58  - 0.68  pm)  is  shown  in  Figure  7. 


In  both  the  aircraft  and  ERTS  data,  the  snow  line  can  be  identified  in  the 
area  north  of  Bishop  indicated  on  the  topographic  chart  to  be  an  area  of 
volcanic  tableland  essentially  unvegetated.  The  snow  line  appears  to  be 
at  about  the  1500  m level,  with  little  change  having  occurred  during  the 
five-day  interval  between  20  and  25  February.  More  detail  in  the  snow  line 
and  same  patchy  snow  south  of  the  edge  of  the  solid  snow  cover  can  be  mapped 
from  the  aircraft  data.  However,  the  edge  of  the  area  of  significant  snow 
cover  can  be  mapped  as  precisely  from  ERTS  as  from  the  aircraft  photography. 


In  another  segment  of  the  overflight,  the  area  of  the  Coinrtright  and  Wishon 
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Reservoirs  in  the  northern  Kings  Basin  can  be  identified  in  both  the  ERTS 
and  aircraft  data.  The  two  reservoirs,  which  are  frozen  and  snow  covered, 
and  the  Lost  Peak  area  in  between  appear  very  bright.  The  surrounding  area 
consists  of  a mixture  of  open  and  forested  terrain,  appearing  alternately 
bright  and  very  dark  in  the  aircraft  photography.  In  the  ERTS  image,  the 
larger  bright  areas  can  be  identified  whereas  the  smaller  areas  are  integrated 
with  the  forested  areas  to  produce  a gray  tone.  It  appears,  therefore,  that 
even  though  more  detailed  patterns  can  be  identified  in  the  aircraft  data, 
the  information  content  of  the  ERTS  image  with  regard  to  mapping  snow  cover 
is  equal  to  that  of  the  higher  resolution  photography. 


DATA  ANALYSIS  FOR  SALT-VERDE  WATERSHED 


Snow  extent  for  at  least  a portion  of  the  Salt-Verde  Watershed  could  be 
mapped  from  imagery  for  seven  of  the  ten  ERTS  cycles  between  mid-November 
1972  and  early  May  1973.  For  each  cycle  the  eastern  third  of  the  water- 
shed is  covered  on  one  day  and  most  of  the  remaining  part  on  the  following 
day.  On  one  occasion  (26  December)  most  of  the  area  was  cloud-free,  but 
the  imagery  was  not  of  useable  quality.  Thus,  even  in  a year  with  much 
above  average  precipitation,  the  central  Arizona  area  was  sufficiently 
cloud-free  that  useful  snow  information  could  be  derived  on  most  of  the 
potential  ERTS  passes. 


Because  of  the  transient  characteristics  of  the  snowpack  in  the  Salt-Verde 
Watershed,  aerial  surveys  are  flown  at  approximately  two -week  intervals 
throughout  the  winter  season,  and  more  often  during  periods  of  rapid  melt. 

For  each  flight,  the  observer  makes  an  ocular  estimate  of  the  snow  depth 
using  the  logs  left  from  timber  operations  in  the  mountain  areas,  ground 
and  vegetation  textural  characteristics,  and  cultural  features  (such  as 
fences,  road  cuts)  as  indicators  of  the  snow  depth;  both  the  areal  out- 
line of  the  snowpack  and  the  observed  depths  are  recorded  on  a map  overlay 
(Warskow,  1971).  With  these  charts  available  throughout  the  winter,  it 
was  possible  to  prepare  a comparative  map  for  each  ERTS  observation.  ERTS 
images  covering  central  Arizona,  including  a part  of  the  Salt-Verde  Watershed, 
are  shown  in  Figures  8 and  9;  the  map  con^aring  the  snow  extent  derived  from 
the  18  and  19  February  ERTS  images  with  the  15  February  aerial  survey  is 
shown  in  Figure  10. 


Con^arison  Between  ERTS  Data  and  Aerial  Survey  Snow  Charts 


As  was  tirue  for  the  Sierra  Nevada,  the  comparative  map  shown  in  Figure  10 
indicates  that  more  detail  in  the  snow  line  can  apparently  be  mapped  from 
the  ERTS  data  than  can  be  mapped  by  the  aerial  observer.  In  general  for 
all  cases  analyzed,  the  locations  of  the  snow  lines  are  in  good  agreement, 
particularly  in  the  Verde  Watershed  west  of  about  lll^W.  In  nearly  all 
areas  in  which  a discrepancy  occurs,  the  aerial  survey  chart  depicts  a 
greater  snow  extent  than  is  mapped  from  the  ERTS  imagery.  In  some  cases 
this  difference  can  be  explained  by  melting  that  occurred  during  the  interval 
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between  the  observations;  in  a November  case,  for  example,  much  of  the 
light  snow  cover  very  likely  melted  during  the  seven-day  period  between 
the  two  observations.  It  may  also  be  that  in  Arizona  much  smaller  snow 
amounts  are  mapped  by  the  aerial  observer  than  in  the  Sierras;  this  can 
ejtplain  in  part  why  the  snow  extents  mapped  from  ERTS  appear  to  be  slightly 
less  than  the  aerial  surveys  in  the  Salt-Verde  Watershed,  but  generally 
greater  than  the  aerial  surveys  in  the  river  basins  of  the  southern  Sierras. 


Comparison  Between  ERTS  Imagery  and  Aircraft  Photography 


On  16  March  aircraft  data  for  the  central  Arizona  mountains  were  collected 
by  the  NASA/ ARC  Earth  Resources  Aircraft  Project.  The  aircraft  photography 
is  similar  to  that  collected  over  the  southern  Sierras . Two  segments  of  the 
flight  path  were  over  or  near  the  Salt-Verde  Watershed,  one  crossing  the 
Flagstaff  areat  in  the  Verde  Basin  and  the  other  crossing  the  Mt.  Baldy  area 
in  the  eastern  Salt  Basin. 


The  ERTS  data  nearest  the  time  of  the  aircraft  flight  are  for  26  March,  ten 
days  later.  During  the  intervening  period,  substantial  snowfall  did  occur 
(about  20  inches  at  Flagstaff  and  13  inches  at  McNary);  however,  the  snow 
on  the  ground  at  both  stations  was  less  on  the  26th  (25  and  4 inches, 
respectively)  than  on  the  16th  (30  and  18  inches,  respectively) . The  most 
recent  previous  snowfalls  at  both  stations  were  on  14  March,  two  days 
before  the  aircraft  flight,  and  on  23  March,  three  days  before  the  ERTS 
passage.  The  results  of  the  comparative  analysis  of  these  data  indicate  that 
that  detailed  snow  features  that  cannot  be  detected  in  the  ERTS  imagery  can 
be  seen  in  the  aircraft  photography.  However,  it  appears  that  all  significant 
snow  cover  (i.e. , substantial  snow  cover,  not  small  amounts  such  as  might  be 
found  along  small  topographic  features)  can  be  detected  in  the  ERTS  imagery. 


MULTISPECTRAL  DATA  ANALYSIS 


In  an  investigation  of  the  application  of  ERTS  data  for  mapping  sea  ice 
(Barnes  and  Bowley,  1973b)  , the  combined  use  of  the  visible  (TMSS-S)  and 
near-IR  (MSS-7)  spectral  bands  has  been  found  to  be  extremely  useful  for 
distinguishing  ice  types.  Similarly,  snow  lines  on  arctic  glaciers  can 
be  detected  ^comparing  the  visible  and  near-IR  bands.  In  the  California 
and  Arizoiia-^st  sites,  contrast  between  snow  and  bare  ground  is  considerably 
lower  in  the  MSS-7  than  in  the  MSS-5  imagery.  Despite  the  lower  contrast, 
however,  the  snow  line  in  the  wintertime  images  can  be  mapped  from  the 
MSS- 7,  and  the  snow  extent  appears  to  be  about  the  same  as  determined 
from  the  MSS-5. 


In  some  late  spring  cases,  the  areas  appearing  very  bright  in  MSS -7  are 
smaller  than  those  appearing  bright  in  MSS-5.  For  example,  in  the  Kem 
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Basin  on  30  June,  the  brightest  tones  in  MSS-7  are  limited  to  the  highest 
ridges,  whereas  in  JKS-5  a distinctly  larger  area  is  mapped  as  being  snow 
covered.  There  is  evidence,  therefore,  that  the  combined  use  of  the  visible 
and  near-IR  may  have  application  for  distinguishing  areas  of  melting  snow. 


Color  con5)osite  transparencies  have  also  been  examined  for  the  two  test 
sites.  In  the  color  composites,  certain  features  can  be  identified  more 
readily  than  in  the  black  and  white  products.  The  features  include  lakes, 
rivers,  and  vegetation  areas.  Color  composite  data  may  also  have  some 
advantages  for  distingvdshing  snow  in  shadow  areas  and  for  distinguishing 
areas  that  consist  of  patchy  snow  surrounded  by  highly  reflective  rock 
surfaces  as  opposed  to  continuoxis  snow  cover.  An  example  of  the  latter 
is  the  16  September  1972  data  for  the  southern  Sierras j areas  that  could 
be  mapped  as  snow  based  on  the  black  and  white  imagery  alone  are  seen 
in  the  color  product  to  consist  mostly  of  bare  ground. 


CONCLUSIONS 


Based  on  the  results  of  the  con^leted  data  analyses,  it  is  concluded  that 
the  amount  of  information  in  ERTS  imagery  with  practical  application  to 
snow  mapping  is  substantial.  Moreover,  for  two  mountain  areas  in  which 
snow  hydrology  is  a major  concern,  the  Salt-Verde  Watershed  in  Arizona 
and  the  southern  Sierra  Nevada  in  California,  useful  snow  cover  informa- 
tion could  be  derived  from  ERTS  data  on  70  to  80  percent  of  the  cycles 
during  the  past  winter  and  spring  seasons.  Thus,  in  these  two  areas, 
clovid  obscuration  does  not  appear  to  be  a serious  deterrent  to  the  use  of 
satellite  data  for  snow  sunrey. 


The  results  of  the  analysis  of  ERTS  imagery  for  the  Arizona  and  California 
test  sites  indicate  that  the  extent  of  the  mountain  snowpacks  can  be  mapped 
from  ERTS  data  in  more  detail  than  is  depicted  in  aerial  survey  snow  charts. 
In  four  river  basins  of  the  southern  Sierra  Nevada,  the  agreement  between 
the  percentage  of  the  basin  snow  covered  as  measured  from  ERTS  and  from  the 
aerial  survey  charts  is  of  the  order  of  5 percent  for  all  cases  except  one. 
Moreover,  in  both  test  sites,  significant  discrepancies  between  the  ERTS 
and  aerial  survey  data  can  usually  be  explained  by  changes  in  snow  cover 
during  the  interval  between  the  two  observations.  In  the  southern  Sierras 
the  snow  extent  ms^ped  from  ERTS  is  consistently  somewhat  greater  than 
that  depicted  on  aerial  survey  snow  charts;  in  central  Arizona  the  opposite 
is  generally  true.  This  difference  may  in  part  be  the  result  of  differing 
observing  techniques  used  by  the  aerial  oberver  in  the  two  areas. 


In  addition  to  comparative  analysis  with  aerial  snow  charts,  the  ERTS  data 
have  also  been  compared  with  high-altitude  aircraft  photography.  The  re- 
sults of  the  comparative  analysis  indicate  that  although  small  details  in 
the  snow  line  that  cannot  be  detected  in  the  ERTS  data  can  be  mapped  from 
the  higher-resolution  aircraft  data,  the  boundaries  of  the  areas  of 
significant  snow  cover  can  be  mapped  as  accxirately  from  the  ERTS  imagery 
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as  from  the  aircraft  photography.  There  is  also  evidence  that  the  com- 
bined use  of  visible  and  near-IR  imagiy  may  have  applicatibn  for  distin- 
guishing areas  of  melting  snow.  Color  composite  data  also  appear  to  have 
advantages  for  detecting  snow  in  certain  conditions;  however,  the  informa- 
tion content  of  the  more  readily  available  black  and  white  imagery  is 
sufficient  for  most  snow-mapping  purposes. 


The  costs  involved  in  deriving  snow  extent  maps  from  ERTS  imagery  appear 
to  be  very  reasonable  in  comparison  with  current  data  collection  methods. 
For  exanple,  the  flight  time  to  survey  the  Salt-Verde  Watershed  is  approx- 
imately five  hours,  with  another  hour  or  so  needed  to  compile  the  snow 
chart.  On  the  other  hand,  the  snow  extent  can  be  mapped  from  an  ERTS  image 
covering  nearly  the  entire  watershed  area  by  an  experienced  analyst  in 
about  two  hours.  Eventual  machine  processing  can  be  expected  to  reduce 
this  time  considerably. 


The  major  drawbacks  to  the  use  of  ERTS  data  as  input  to  an  operational 
system  are  the  availability  of  the  data  and  the  rate  of  repetitive  coverage. 
To  be  useful  operationally  the  data  would  have  to  be  made  available  to  the 
user  within  twenty-four  hours.  The  rate  of  repetitive  coverage  in  the 
central  Arizona  area,  where  snowmelt  can  occur  rapidly,  would  ideally  have 
to  be  of  the  order  of  less  than  one  week.  In  the  southern  Sierras,  aerial 
surveys  are  normally  conducted  bi-weekly;  thus,  in  that  area  a repetitive 
rate  of  coverage  of  the  order  of  one  week  appears  to  be  sufficient,  allow- 
ing for  the  possibility  of  some  data  being  cloud  obscured. 
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in  meters.  2100m(7000ft.>,  and  2700m{9000ft. 

are  indicated. 


Snow  Extent  in  Kings  Basin  _ Snow  Extent  in  Tuie  Basin 
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Figure  5 Snow  extent  in  southern  Sierra  Nevada  mapped  from  ERTS  and  from  aerial  survey  snow  charts. 
Values  are  in  percentage  of  basin  snow  covered;  dates  of  obseivations  are  indicated. 


Figure  7 High-altitude  aerial  photograph  showing  a part  of  the 
area  covered  in  the  ERTS  image  (Figure  6) . Photograph 
was  taken  20  February  1973. 
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Figure  9 


ERTS  MSS-5  image  showing  portion  of  Salt-Verde  Watershed,  2 May  1973 
(ID  No.  1283-17332).  Note  decreaseid  snow  extent  and  unfrozen  lakes. 
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SNOW-EXTENT  MAPPING  AND  LAKE  ICE  STUDIES  USING  ERTS-1  MSS 
TOGETHER  WITH  NOAA-2  VHRR 

D.  R.  Wiesnet  and  D.  F.  McGinnis,  Jr.  (U,S.  Dept,  of  Commerce,  NOAA/N ESS) 


ABSTRACT 

Five  snow  extent  maps  of  the  5,601  km^  American  River  B^sin  were 
prepared  using  a Zoom  Transfer  Scope  from  ERTS-1  MSS  band  4 imagery. 
The  maps  were  generally  completed  within  one  hour.  A snowmelt 
curve  based  on  ERTS-1  imagery  was  used  as  a "calibration”  standard 
or  comparison  for  maps  prepared  from  NOAA-2  VHRR  imagery  in  the 
same  manner.  Cost  comparisons  with  U-2  derived  imagery  indicate 
that  ERTS~1  snow  mapping  of  the  basins  is  six  times  faster.  Con- 
servative estimates  of  comparable  aircraft  snow  survey  flights 
yields  a cost  figure  200  times  that  of  the  ERTS-1  snow  map.  Snow 
mapping  attempts  in  the  Lake  Ontario  Basin  demonstrated  that 
ERTS-1  is  not  well  suited  to  large  basins.  Optimiim  size  of  basins 
for  ERTS  studies  is  believed  to  range  from  about  250  km^  to 
30,000  km2.  The  value  of  the  ERTS-1  MSS  for  Great  Lake  ice 
evduation  was  proved  during  the  past  winter  on  Lake  Erie.  Not  only  were 
ice  features  and  types  of  ice  identified,  but  melting  ice  was 
detected  through  the  combined  use  of  band  5 (0.6-0. 7um)  and  band 
7 (0.8-l.l]jm).  Ice  movement  (direction  and  speed)  was  mapped  by 
examining  imagery  from  two  successive  days.  The  resolution  of 
N0AA-2VS  VHRR  was  checked  by  comparison  of  ice  leads  as  seen  in 
the  MSS  band  5. 

INTRODUCTION 

Two  geographic  areas  have  been  chosen  for  hydrologic  assessment  by  the 
application  of  ERTS-1  imagery.  One  is  the  Sierra  Nevada  region,  speci- 
fically, the  American  and  Feather  River  Basins.  Both  basins  are  part  of 
the  Sacramento  River  drainage,  system  in  California.  The  other  geographic 
area  is  the  Lake  Ontario- Lake  Erie  Basins,  partic\ilarly  Lake  Ontario, 
presently  under  intensive  study  by  the  International  Field  Year  on  the 
Great  Lakes  (IFYGL)  program. 

The  American  River  is  fed  by  the  melting  Sierra  snowpack,  a highly  managed 
and  rather  important  water  resource.  Except  for  occasional  aircraft  photo- 
reconnaissance surveys  , snow  measxirements  within  the  rugged  highland  areas 
of  this  basin  are  sparse.  Nevertheless,  eight  remote  readout  stations  for 


BLA2<fK 


FILMED 


995 


^^74  30776 


measuring  snow  can  be  monitored  diiring  satellite  transits.  The  objective 
in  the  Sierra  Nevada  area  is  to  evaluate  the  capability  of  ERTS-1  sensors 
to  monitor  snowmelt  on  an  18-day  cycle  basis. 

Lake  Ontario  and  Lake  Erie  are  large  temperate-region  lakes.  The  objective 
here  is  to  assess  , as  quantitatively  as  possible,  the  hydrologic  informa- 
tion that  can  be  extracted  from  ERTS-1  sensors,  imagexy  of  ERTS-1  is  also 
examined  to  assess  ice  features,  types  of  ice  and  possible  melting  ice  and 
ice  movement,  especially  in  Lake  Erie. 

SIERRA  NEVADA  STUDIES 

U-2  Photography 

All  available  U-2  color~IR  (0.51-0.90um)  photography  of  the  Feather  River 
Basin  was  examined  to  determine  which  contained  the  best  variety  of  snow, 
ice  and  no-snow  areas.  The  overall  clarity  of  the  film  (i.e.  exposure, 
image  contrast,  absence  of  scratches,  etc.)  was  also  an  important  factor 
considered.  Imagery  from  fli^t  number  72-036  (accession  number  00221) 
taken  on  6 March  1972  was  ultimately  selected.  Colo3?-IR  offered  the  best 
contrast  between  snow  and  no-snow  areas  when  coir^ared  with  the  other 
spectral  bands.  The  photographs  (1:445,000)  were  projected  individually 
onto  a topographical  map  of  the  basin  (1:250,000)  by  use  of  the  Zoom 
Transfer  Scope  (ZTS).  This  photo-optical  device  allowed  each  image  to  be 
enlarged,  rotated  and  stretched  until  the  image  registered  at  the  1:250,000 
iS  scale.  Edge  distortion  of  the  photographs  was  evident,  and  whenever  possi- 
, ble  only  the  central  portion  of  the  photograph  was  used  for  mapping. 
Twenty-three  photographs  were  required  to  map  the  basin.  It  should  be 
^ noted  that  "data  holidays”  in  the  coverage  at  the  edges  of  the  basin  pre- 
cluded 100  percent  coverage  of  the  basin. 

Comparison  of  the  snow  map  on  the  basis  of  the  U-2  photography  with  limited 
grouQd  truth  showed  one  discrepancy.  French  Hill  had  35.4  inches  of  water 
content  in  existing  snow,  yet  the  aerial  photograph  indicated  no  snow.  The 
discrepancy  has  been  attributed  to  the  fact  that  this  area  was  found  close 
to  the  edge  of  two  aerial  photographs,  hence  positional  error  of  the  snowline 
may  be  likely.  Unless  photogrammetric  techniques  are  used,  this  type  of 
error  is  inherent  in  mapping  from  air  photographs. 

The  mean  elevation  of  the  snowline  on  south-facing  slopes  was  determined  to 
be  100  feet  lower  than  that  on  north-facing  slopes.  This  is  contrary  to 
expectation  and  could  be  the  result  of  the  deep  shadow  effect  in  steep- 
walled  canyons  and  cliffs  as  well  as  the  previously  described  positional 
problems. 

Production  of  this  snow  map  required  a total  of  22  man-hours  of  labor,  four 
of  which  were  \ased  to  prepare  and  moxmt  frames  prior  to  the  acttaal  mapping 
operation. 

ERTS-1  Imagery 

ERTS-1  imageiy  of  the  Feather  River  Basin  for  29  November  19 79,  4 January 
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1973,  and  22  January  1973  was  utilized  for  ^riow-extent  mapping.  The 
1:3, 369, 000-scale  70-mm  ERTS  chip  (MSS  band  4)  was  enlarged  to  1:500,000  in 
the  ZTS  and  mapped  directly  onto  the  base  map  in  the  same  manner  as  described 
in  the  section  U-2  Photography.  The  ERTS-1  data  was  much  easier  to  handle, 
mount  and  register  onto  the  base  map.  It  was  much  quicker  as  well^ — half  an 
hour  for  setup  and  three  hours  for  mapping  produced  a finished  map.  This 
represents  a 6:1  ratio  in  favor  of  the  ERTS-1  snow  mapping  over  the  use  of 
high-altitude  aerial  photographs  in  terms  of  man-hours  saved.  Furthermore, 
the  shadow  problem  is  greatly  reduced,  the  positional  accuracy  of  the  snow- 
line is  much  more  consistent  and  the  iight  forest  cover  tends  to  be  less  of 
a problem  with  reduced  ground  resolution.  Six  ERTS-1  images  were  similarly 
used  to  provide  snow  maps  for  the  American  River  Basin.  The  retreat 
(21  April  1973,  9 May  1973,  and  27  May  1973)  of  the  snowline  in  the  5,601  km^ 
basin  is  observed  in  Figure  1. 

NOAA-2  Imagery 

NOAA-2  Very  High  Resolution  Radiometer  (VHRR)  visible  band  imagery  has  been 
acquired  over  the  Sierra  Nevada  daily.  Thirteen  cloudfree  images  over  the 
American  River  Basin  were  selected  for  analysis,  using  the  ZTS  as  described 
previously.  Figure  2 shows  the  portion  of  the  VHRR  visible  image  used  to 
map  the  snow  cover  on  2 March  1973.  The  resulting  snow  map  of  the  basin  is 
seen  in  Figure  3.  Rectification  in  this  case  was  much  more  difficult,  owing 
to  the  large  distortion  found  in  the  imagery,  especially  at  the  extreme  edge 
of  the  image.  The  images  were  enlarged,  usually  about  seven  times,  and 
stretched  to  make  the  drainage  pattern  of  the  image  fit  the  drainage  pattern 
of  the  map.  The  results,  as  well  as  those  obtained  using  the  ERTS-1  imagery, 
are  shown  as  a snowmelt  plot  in  Figure  4.  These  data  will  be  compared  with 
discharge  data*,  which  have  not  yet  been  secured.  -As  of  15  July  1973,  a trace 
of  snow  is  still  visible  on  Pyramid  Peak  (3043  m)  in  this  basin. 

Cost/Comparison  Estimate  of  Satellite  Snow  Mapping 

; 

At  the  request  of  the  Director  of  the  National  Environmental  Satellite  Service, 
a cost/comparison  figure  was  calculated  for  satellite  (NOAA-2)  measurement  of  Sierra 
Nevada  snow  cover  and  for  conventional  aircraft  measurements.  Assuming 
that  20  basins  were  of  interest  and  that  a simple  altimeter  survey  by  a light 
plane  is  possible,  at  least  40  hours  would  be  required  at  a total  cost  of  at 
least  $20,000.  Using  satellite  data,  the  entire  Sierra  block  could  be  mapped 
in  two  man-days  for  a direct  cost  of  about  $100.  This  is  a comparative  cost  ratio 
of  200:1  in  favor  of  the  satellite. 

Discussion 


In  terms  of  man-hours,  ERTS-1  is  six  times  faster  than  U-2  snow  cover  mapping, 
however,  NOAA-2  VHRR  snow  cover  mapping  is  almost  as  fast  as  ERTS-1,  but 
the  NOAA-2  VHRR  data  is  more  frequently  available.  With  systematic  scheduled 
coverage  (and  with  no  clouds)  daily  mapping  of  snow  cover  could  be  accomplished. 
The  res\ilts  of  repeated  trials  of  both  ERTS-1  and  VHRR  snow  mapping  attempts 
are  given  in  Table  1.  The  greater  ground  resolution  of  ERTS-1  and  its 
cartographic  fidelity  make  it  outstanding  as  a snow  mapping  satellite.  It 
has  no  peer  in  this  respect.  Yet’  to  be  of  operational  service,  NOAA/NWS 
requires  data  at  least  weekly,  and  preferably  semi-weekly.  For  operational 
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Figure  1.  Composite  snow  extent  map  for  the  American  W-ver  Basin,  Califomia 
prepared  from  ERTS-1  MSS  4 imagery  of  21  April,  9 May  and  27  May 


Figure  2.  Enlarged  VHRR- VIS  image  of  the  central  Sierra  Nevada  1713  GMT, 
orbit  1728  (recorded  data)  • Figure  3 was  prepared  from  this 
distorted  image.  Scale  is  about  1:4,000,000  and  ground  resolu- 
tion is  about  one  kilometer. 


MILES 

Figure  3.  Snow-extent  map  for  the  American  River  Basin,  Calif.,  prepared 
from  NOAA-2  VHRR  imagery  shown  in  figure  2.  Patterned  area  is 
snowfree , 


999 


PERCENT  OF  BASIN  COVERED  WITH  SNOW 


purposes,  N0AA~2*s  daily  visible  and  twice  daily  thermal  IR  coverage  appears 
to  be  more  useful  for  operational  snow  mapping  and  water-level  forcasting. 

value  of  the  ERTS-l  is  its  ability  to  provide  a reliable  cheek,  or  ^^calibration 
standard”,  with  which  the  NOAA-2  satellite  sensors  can  be  compared  and  corrected. 
Another  obvious  drawback  to  the  use  of  ERTS-1  data  for  forcasting  purposes  is 
the  lag  time  between  receipt  of  the  data  and  its  arrival  in  the  hands  of  the 
concerned  principal  investigator. 


AMERICAN  RIVER  BASIN,  CALIFORNIA 


Date 

ERTS-1 

NOAA-2 

3/15/73 

46% 

46% 

4/2/73 

48%  * 

45%  * 

'^Average  of  4 trials, 
measurements . 

2 operators.  Each  trial  consists  of  ; 

5 areal 

Table  1.  Preliminary  comparison  of  snow  extent  (in  percent  of  basin  covered) 
by  ERTS~1  and  NOAA-2. 


GREAT  LAKES  STUDIES 
Lake  Ice  Dynamics 


As  shallowest  of  the  Great  Lakes,  Lake  Erie  is  subject  to  more  extensive 
freezing  and  ice  formation  than  any  other  of  the  Great  Lakes.  Freeze-up 
tends  to  be  much  more  sudden  than  break-up  and  melting,  which  however  can 
also  be  rather  dynamic.  For  monitoring  changing  ice  conditions,  ERTS-1 ’s 
18-day  revisit  cycle  again  presents  problems,  as  ice  formation,  movement  and 
break-up  may  all  occur  within  a very  short  time  span  and  be  unrecorded  by 
the  ERTS-1  satellite  sensors. 

Despite  this  possibility,  excellent  images  of  Lake  Erie  ice  were  recorded  on 
17-18  February  1973  and  again  on  8 March  1973.  Strong,  1973,  has  already 
reported  on  an  analysis  of  ice  movement  from  changes  noted  on  the  sidelap 
portions  of  the  images  on  the  17th  and  18th.  The  two-day  ERTS-1  sequence  is 
shown  in  Figure  5. 

Weather  conditions  may  preclude  this  type  of  sidelap  analysis  of  movement  in 
many  cases,  but  by  analysis  of  the  fracture  patterns,  it  is  believed  that 
reasonably  good  estimates  of  ice  movement  may  be  made.  Antecedent 
meteorological  conditions  are  vital  to  such  an  analysis , as  they  are  an 
overriding  factor  in  determining  the  physical  conditions  and  movement  of  the 
ice.  As  an  example,  imagery  of  the  Cleveland  area  was  analyzed  by  measuring 
the  displacement  of  a series  of  characteristic  ice  edges  which  had  broken 
from  shorefast  ice  within  the  preceding  24  hours. 
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Preliminary  estimates  of  ice  movement  range  from  0.3  km/hr  to  0.8  km/hr 
(0. 2-0.4  knots)  to  the  west.  Strong’s  sidelap  analysis  of  motion  gave  figures 
ranging  from  0.5  km/hr  to  1.5  km/hr  (0.3-0. 8 knots).  Considering  the  fact 
that  the  onset  of  motion  is  not  precisely  known,  the  figures  are  in  rather 
good  agreement.  The  100 -m  resolution  of  ERTS-1  provides  outstanding  data  for 
synoptic  ice  pack  studies,  but  it  is  severely  constrained  by  the  low  frequency 
of  coverage . 

Snow  and  Ice  Melt  Detection 

The  near-IR  (0.7-1. 3ym),  in  combination  with  the  visible  band  data  (from 
Nimbiis-3),  can  be  used  to  detect  melting  snow  (Strong,  McClain  and  McGinnis, 
1971).  An  early  investigation  (Mantis,  1951)  showed  that  a large  drop  in 
the  reflectance  of  melting  snow  occurs  in  the  near-IR  range  of  the  spectrum 
(Figure  6).  A recent  , and  soon  to  be  published,  work  by  the  Cold  Regions 
Research  and  Engineering  Laboratories  (CRREL)  produced  similar  results 
(Figure  7).  As  these  bands  are  present  on  the  ERTS-1  MSS,  attempts  have  been 
made  to  identify  melting  snow  in  mount aino vis  areas  (Wiesnet,  1973;  Meier, 

1973;  and  Barnes,  1973  using  ERTS-1  MSS  bands  5 (0.6-0. 7pm)  and  7 (0.8- 
1.1pm).  However,  the  effectiveness  of  ERTS-1  in  identifying  areas  of  melting 
snow  and  ice  is  somewhat  inhibited  by  the  fact  that  MSS  band  7 observes  energy 
only  to  1.1pm  rather  than  to  1.3pm  (as  the  High  Resolution  Infrared  Radiometer 
[HRIR]  did  on  Nimbus).  It  is  between  1.1  and  1,3pm  where  reflectance  of 
melting  snow  shows  the  greatest  decrease. 

ERTS-1  MSS  imagery  over  Lake  Erie  (8  March  1973)  has  been  examined  (images 
#1228-15422-5  and  -7,  Figures  8a  and  8b,  respectively)  for  melting  ice. 

The  ice  field  in  band  5 has  high  reflectance  but  the  ice  field  has  a ’’lacy” 
appearance  resulting  from  many  thaw  holes  , characteristic  of  ’’rotten”  ice 
(i.e.  ice  deteriorating  under  warm  temperatures)  . Table  2 shows  the  air  temp- 
eratures and  wind  data  for  stations  near  Lake  Erie  before  and  after  the 
ERTS-1  pass  (1542  GMT).  Note  that  no  station  reported  below  freezing 
temperatures. 


STATION  TEMP  (°F)  WIND  (KNOTS) 


1200Z 

1500Z 

1800Z 

1200Z 

1500Z 

1800Z 

Erie 

45 

54 

56 

SW  10 

SW  10 

NW  20 

Cleveland 

43 

55 

61 

SW  5 

SW  5 

W 10 

Toledo 

39 

52 

61 

S 10 

W 5 

W 10 

Detroit 

38 

50 

57 

SW  5 

SW  5 

SW  20 

London,  Ont. 

38 

47 

52 

SW  5 

W 15 

W 20 

Buffalo 

42 

49 

54 

SW  5 

SW  15 

W 20 

Table  2.  Meteorological  data  before 

and  after  the 

ERTS-1 

pass  on 

8 March  1973. 
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Figure  8a*  ERTS~1  image  of  Lake  Erie  in  MSS  band  5,  8 March  1973* 
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Figiare  8b.  ERTS-1  image  of  Lake  Erie  in  MSS  band  7,  8 March  1973. 
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The  decreased  reflectance  in  the  near-IR  (hand  7)  is  rather  pronounced, 
particularly  in  the  central  region  of  the  ice  where  many  thaw  holes  exist. 

Here  the  southerly  winds  have  not  compacted  the  ice,  as  is  evident  along 
portions  of  the  southern  ice  edge  and  along  the  northern  lake  shore • However, 
it  is  apparent  that  the  two  images  were  developed  and  processed  differently. 

To  eliminate  this  photographic  shortcoming,  computer  printouts  of  these  images 
are  presently  being  examined  to  compare  quantitatively  the  spectral  differences. 

Other  ice  features  tentatively  identified  on  these  images  are:  grounded  ice 

west  of  Pt.  Aux  Pins,  Ontario;  an  icefoot  near  Marblehead,  Ohio  and  along  the 
east  edge  of  Pt.  Pelee,  Ontario;  the  compacted  ice  edge  of  the  southern  edge 
of  the  icefield  northwest  of  Cleveland,  Ohio;  the  yoiang  ice-snow  sheet 
broken  up  by  wave  action  east  of  Pt.  Aux  Pins;  and  brash  belts  oriented 
almost  N-S  between  Paines ville  and  Astabula,  Ohio. 

Snow  Mapping  of  the  Lake  Ontario  Basin 

Difficulty  was  encountered  in  attempting  to  snowmap  the  Lake  Ontario  Basin. 

The  70,000. km^  basin  requires  two  ERTS-1  frames  from  four  orbits,  each  a day 
apart.  The  changing  winter  weather  patterns,  as  well  as  the  cloud- inducing 
open  water  on  Lake  Ontario,  prevent  a four-day  cloudfree  period  from  occurring. 
The  best  period  for  snow  mapping  was  9-12  January  1973.  Even  so,  cloudiness 
in  the  eight  frames  of  ERTS-1  imagery  ranged  from  10  to  80  percent.  The 
problem  of  cloud  contamination , however,  should  be  greatly  alleviated  for 
basins  less  than  30,000  km^  in  area. 

SUMMARY  AND  CONCLUSIONS 

Snow  mapping  studies  of  the  Sierra  Nevada  have  shown  that  maps  can  be  pro- 
duced six  times  as  fast  by  the  use  of  ERTS-1  imagery  than  from  high  alti- 
tude (64,000  feet)  aerial  photographic  surveys.  ERTS-1  70-mm  images  are 
most  effectively  used  for  snow  mapping  in  moderately-sized  (250  - 30,000  km^) 
basins,  such  as  the  American  and  Feather  River  Basins  in  California.  The 
images  are  especially  useful  in  checking  the  accuracy  of  the  dally  VHRR  data 
from  NOAA-2,  which  are  not  as  precise  cartographically  as  the  ERTS-1  data. 
Preliminary  estimates  are  that  VHRR  maps  are  usually  within,  five  percent  of 
the  ERTS-1  estiinate.  The  cost  of  Sierra  Nevada  snow  maps  produced  from 
imagery  of  either  satellite  are  estimated  to  be  one-two  hundredths  of  the  cost 
of  maps  made  from  aerial  surveys. 

Ice  conditions  in  the  Great  Lakes  can  be  readily  detemined  by  ERTS-1.  Ice 
featxjres  characteristic  of  thawing  conditions,  such  as  rotten  ice,  brash 
belts  and  compacted  ice  edges,  can  be  identified.  A great  decrease  in 
apparent  reflectivity  in  band  7 compared  with  band  5 also  indicates  melting 
conditions. 

The  ERTS-1  satellite  has  proved  itself  capable  of  providing  data  for  assessing 
various  hydrologic  characteristics,  especially  as  regards  ice  and  snow.  The 
100-meter  ground  resolution  of  the  Multispectral  Scanner  (MSS)  produces  unsur- 
passed images  to  measure  snow  extent  or  to  assess  ice  conditions  on  large 
lakes.  ERTS-1  is  hampered  by  the  18-day  revisit  time  and  by  the  30-  to  60- 
day  wait  from  the  collection  of  data  to  receipt  by  the  investigator.  Drainage 


1007 


basins  greater  in  area  than  34,000  km^  esceeed  the  size  of  one  ERTS-1  frame 
and  present  snow  mapping  problems  when  two  or  more  successive  day’s  passes  are 
needed.  However,  the  ERTS-1  truly  presents  a great  opportunity  to  the 
hydrologic  commimity  to  plan  and  carry  out  an  improved  program  of  satellite 
snow  and  ice  observations. 
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Paper  W 3 


NEW  SPACE  TECHNOLOGY  ADVANCES  KNOWLEDGE  OF  THE  REMOTE 
POLAR  REGIONS 

William  R.  MacDonald,  Chief,  Branch  of  International  Activities  Topographic  Division, 

U.S.  Geological  Survey  National  Center,  Beston,  Virginia  22092 


ABSTRACT 

The  application  of  ERTS-1  imagery  is  rapidly  increasing  man Vs 
knowledge  of  polar  regions.  Products  compiled  from  this  imagery 
relating  to  the  experiments  being  conducted  under  proposal  SR- 149 
at  scales  of  1:250^000^  1:500^000  and  1:  1,000,000  are  already 
providing  valuable  information  to  earth  scientists  working  in 
Antarctica.  Significant  finds  detected  by  these  "bench  mark" 
products  were  glacio logical  changes,  advancement  in  ice  fronts, 
discovery  of  new  geographic  features,  and  the  repositioning  of 
nunataks,  islands,  and  ice  tongues.  In  cooperation  with  the 
American  Geographical  Society  and  funded  by  the  National  Science 
Foundation,  ERTS  imagery  has  been  used  for  the  compilation  of  a 
1: 5,000,000-scale  map  of  the  Arctic. 

Products  such  as  single -scene  pictorial  images  and  photo imagery 
mosaics  have  been  compiled  that  often  exceed  the  accuracy  of 
existing  cartographic  products  in  Antarctica.  A graticule  has 
been  fitted  to  the  imagery  based  on  a least -squares  adjustment 
of  identifiable  control  points  which  were  established  by  standard 
surveying  techniques  as  well  as  by  satellite  geodesy. 

Tests  conducted  under  proposal  SR-149  in  Antarctica  have  proven 
the  feasibility  of  tracking  Navy  navigation  satellites  to 
establish  ground  control  for  positioning  ERTS-1  imagery  in  remote 
areas.  ERTS  imagery  coupled  with  satellite  geodesy  shows  great 
promise  and  may  prove  to  be  the  most  practical  and  cost  effective 
way  to  meet  the  small-scale  cartographic  requirements  of  the 
polar  science  community. 


CO 

• 


Prepared  for  presentation  at  the  Third  ERTS-1  Principal  Investigator's 
Symposium  - December  10-13,  1973,  Washington,  D.G. 
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INTRODUCTION 


ERTS  imagery  perhaps  has  its  most  immediate  application  and  benefit 
to  the  scientific  community  in  the  Antarctic  region.  Although 
millions  of  dollars  have  been  expended  over  mbre  than  25  years 
toward  obtaining  aerial  photo  coverage  for  small-scale  mapping  in 
the  Antarctic^  only  about  one  third  of  the  continent  has  been  photo- 
graphed or  adequately  mapped.  In  this  regard  ERTS  offers  the  most 
practical  means  of  obtaining  cloud-free  imagery  over  the  millions 
of  square  miles  yet  to  be  mapped.  ERTS  appears  to  be  the  only  way 
that  the  cartographic  community  has  of  meeting^  in  a relatively 
short  period^  the  demands  for  small-scale  imagery  products  by 
national  and  international  polar  scientists. 


ERTS-1  MSS  IMAGERY  REQUIREMENTS 

The  nine  experimental  areas  listed  in  proposal  SR- 149  aggregate 
areas  from  60®  to  82®  latitude  in  both  polar  regions  and  add  up  to 
millions  of  square  miles.  The  number  of  ERTS  images  of  the  areas 
of  interest  received  from  NASA  on  automatic  distribution  inereased 
so  rapidly  that  a system  of  indexing  became  necessary.  To  date 
about  500  scenes  over  Antarctica  and  about  3^500  scenes  over  the 
Arctic  region  have  been  received^  amounting  to  16^000  individual 
negatives  (4  MSS  bands)  with  cloud  cover  less  than  l47o. 

Storage  and  retrieval  of  each  ERTS-1  70-mm  image  and  each 
1:  1_,000, 000-scale  contact  print  were  done  manually^  but  it  was  too 
time  consuming  to  search  the  files  for  the  best  imagery ^ and  the 
cartographer  could  never  be  sure  that  all  the  available  imagery 
had  been  reviewed.  What  was  needed  was  an  efficient  system  that 
would  tell  the  cartographer  the  cloud -cover  percentage  of  any 
particular  ERTS  image. 


IMAGERY  INDEXES 

To  meet  these  needs  indexes  were  designed  in  graphic  form  (fig.  1) . 
They  have  proved  convenient  to  prepare  and  practical  to  use.  A 
CalComp  drum  plotter  was  used  to  plot  the  individual  scenes  with 
identifying  scene  numbers.  The  original  index  plots  were  prepared 
on  a stable  transparent  base  and  keyed  to  a 1: 10^000^ 000-scale  base 
map.  Each  18 -day  cycle  is  depicted  on  two  index  sheets --odd  days 
on  one  sheet  and  even  days  on  another.  Data  used  to  plot  these 
indexes  were  obtained  from  punched  cards  from  the  U.S.  Geological 
Survey* s EROS  Data  Center^  Sioux  Falls ^ S.  Dak. 

Separate  indexes  show  imagery  with  percentages  of  cloud  cover; 

0 to  14^  15  to  34 and  35  to  54.  A composite  index  showing  all 
available  imagery^  with  cloud  cover  from  0 to  100  percent^  was 
prepared  for  each  18-day  cycle. 
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Transparent  or  papir  copies  can  be  produced  by  the  diazo  process. 
Copies  of  the  indexes  of  the  polar  regions  can  be  purchased  from  the 
USGS,  Map  Information  Office^  National  Center,  12201  Sunrise  Valley 
Drive,  Reston,  Va.  22092.  Transparent  copies  cost  $3.50  each, 
and  paper  copies  cost  75  cents  each. 

As  a spinoff  benefit,  copies  of  all  ERTS  Imagery  Indexes  are  being 
made  available  to  member  nations  of  the  Scientific  Committee  on 
Antarctica  Research.  Japan,  Argentina,  Australia,  and  South  Africa 
are  currently  investigating  the  use  of  ERTS  imagery  over  their 
areas  of  interest  in  Antarctica  as  a direct  result  of  investigations 
carried  out  under  this  proposal. 


IMAGERY  PRODUCTS 

Although  we  have  a long  way  to  go,  ERTS  has  already  disclosed  a few 
of  Antarctica’s  secrets.  Products  compiled  in  accordance  with  the 
objectives  outlined  under  proposal  SR- 149  have  demonstrated  their 
value  to  the  polar  research  conanunity.  Orthoimage  products  compiled 
include  1: 1,000,000-scale  imagery  mosaics  and  single-scene  1:250,000 
and  1: 500,000-scale  gridded  images.  Imagery  has  also  been  used  as 
a source  for  recompilation  of  small-scale  maps  in  the  Antarctic  and 
Arctic  regions.  Significant  finds  resulting  from  analysis  of  these 
products  Include  discovery  of  new  geographic  features,  advances  in 
the  world’s  largest  ice  fronts,  coastal  glaciological  changes,  and 
repositioning  of  nunataks,  islands,  and  ice  tongues.  Figures  2,  3, 
and  4 are  examples  of  imagery  application. 

Our  preliminary  results,  which  have  been  published^,  indicate  that 
ERTS  imagery  has  the  potential  for  rapid  compilation  of  ortho image 
products  that  meet  the  small-scale  map  requirements  of  the  carto- 
graphic and  scientific  communities.  However,  the  usefulness  of  any 
ERTS  imagery  product  is  extremely  limited  unless  the  image  data  can 
be  related  to  an  Earth  reference  system.  Therefore,  ground  control 
points  must  be  used  to  maintain  the  relative  and  absolute  relation- 
ship between  image  points  and  their  earth  positions.  Thus,  if  ERTS 
imagery  Is  to  be  fully  utilized  as  a cartographic  and  scientific 
tool,  a framework  of  geodetic  control  must  be  available  to  relate 
the  image  data  to  an  Earth  reference  system. 


MEETING  ERTS  POIAR  REGIONS  CONTROL  REQUIREMENTS 

Since  control  in  the  polar  regions  is  very  sparse  and  extremely 
expensive  and  difficult  to  establish,  it  was  necessary  to  find  an 
economical  means  of  acquiring  the  amount  of  control  needed  to  main- 
tain the  integrity  of  ERTS  cartographic  products. 

^R.  B V Southard  and  W.  R.  MacDonald,  The  Cartographic  and 
Scientific  Application  of  ERTS-1  Imagery  in  Polar  Regions  (A. 6.4.), 
presented  at  the  Symposium  on  Approaches  to  Earth  Survey  Problems, 
Konstanz,  FRG,  May  1973. 
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Figure  3. --Drygalski  Ice  Tongue^  Victoria  Land  Coast,  Antarctica. 

From  ERTS  imagery,  the  1: 250, 000-scale  U.S.  Geological 
Survey  topographic  maps  will  be  revised  during  compilation 
of  the  next  editions.  Annotations  depict  changes  to 
glaciers,  ice  tongues,  and  coastlines: 

A Harbord  Glacier 

B Drygalski  Ice  Tongue 

G Fast  ice 
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Figure  4, --Arctic  Region^  Alaskan-Western  Canadian  Quadrant.  ERTS-1  imagery  was  used 
as  latest  data  source  in  compiling  1: 5^ 000^ 000-scale  American  Geographical 
Society  (AGS)  Arctic  Region  map  scheduled  for  publication  in  1974.  Blocked 
areas  indicate  sections  where  ERTS-1  imagery  was  used  to  revise  the  manuscr 
The  three  additional  quadrants  were  treated  in  the  same  manner. 


Investigations  jointly  fuiided  fay  NASA  and  the  National  Science 
Foundation  were  conducted  fay  the  USGS  in  Antarctica  to  determine  the 
practicality  of  using  recently  developed  Doppler  positioning  and 
navigation  systems  for  establishing  the  much-needed  control.  The 
mode  tested  was  the  single-point  positioning  method,  which  consists 
of  a receiver  .tracking  a satellite  pass  and  computing  the  position 
from  the  Doppler  shift  and  the  satellite  ephemeris.  The  experiments 
proved  that  Doppler-equipped  polar -orbiting  satellites  can  be  used 
as  a surveying  tool  and  ttxat  mapping  control  can  be  obtained  under 
Antarctic  field  conditions. 

As  a result  of  the  Doppler  positioning  experiments,  it  is  now 
possible  to  make  maximum  cartographic  use  of  ERTS  imagery  in 
polar  regions  by  deploying  specially  equipped  rover  teams  of 
topographic  engineers  to  establish  ERTS  ground  control.  In  the 
Antarctic,  plans  are  to  deploy  teams  by  aircraft  to  preselected 
ERTS  image  points,  which  they  will  occupy  with  Geoceiver  equipment 
for  a predetermined  period  depending  on  the  image  accuracy 
requirements  (a  one-pass  real-time  solution  will  give  an  accuracy 
of  100  to  200  meters)  and  the  geometry  of  the  Navy  Navigational 
Satellite’s  orbit.  An  attempt  will  be  made  to  establish  ERTS 
imagery  control  in  the  Thwaites  Iceberg  Tongue  area  during  an 
expedition  into  Pine  Island  Bay  in  February  1974. 


GRIDDED  ERTS  IMGERY 

Positions  obtained  during  the  Doppler  positioning  experiments  were 
used  along  with  existing  control  to  fit  a grid  to  a single-scene 
image  (1174-19433-7,  January  1973)  of  the  McMurdo  Sound  Region, 
Antarctica  (fig.  5). 

The  technique  of  converting  an  ERTS  scene  into  a cartographic  product 
by  manipulating  the  grid  rather  than  the  image  (rectification)  appears 
to  be  the  most  practical  and  cost-effective  way  of  relating  polar 
ERTS  image  data  to  the  Earth’s  surface.  Normally  the  procedure  is 
to  manipulate  the  photoimage  through  tilt  analysis  and  rectification 
to  fit  a grid.  However,  when  applying  these  procedures  to  ERTS 
imagery,  geometry  is  improved  but  too  much  detail  (resolution)  is 
lost  during  the  photographic  processes.  Four  steps  are  required 
to  fit  a grid  to  an  ERTS  image: 

1.  Identification  of  discrete  image  points  whose  coordinates  are 
known. 

2.  Accurate  measurement  of  the  x and  y values  of  these  control 
points  on  the  image  scene. 

3.  Determination  of  the  transformation  parameters  to  relate  one 
systeiri  to  the  other  and  computation  of  the  intersection  of  the 
grid  lines  in  an  image  coordinate  system,  warping  the  grid  to 
fit  the  image. 

4.  Plotting  the  grid  on  an  overlay  keyed  to  the  image. 
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Legend 

A Geodetic  Control 

(Standard  Surveying  Methods) 

A Geodetic  Control 

(Derived  from  Doppler  Sotellite 
Data) 


Figure  5. --Ross  Island  Dry  Valley  Area,  Antarctica.  Annotations 

indicate  distribution  of  geodetic  control  stations  used 
to  construct  the  fitted  grid  for  the  single  ERTS-1  scene 
(1174-19433-7,  January  1973).  Produced  at  scales  of 
1:500,000  and  1:250,000. 
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The  accuracy  of  photoidentification  of  the  control  points  is  the 
primary  element  that  determines  the  accuracy  of  the  grid  fit*  In 
the  mid -latitudes,  where  large-scale  accurate  maps  are  available, 
good  results  can  be  obtained  by  using  images  of  timber  corners, 
fence  lines,  centers  of  bridges  over  streams,  pipe  and  power  line 
crossings,  etc*,  as  control  points* 

In  these  areas  it  is  possible,  inmost  cases,  to  fit  the  grid  to 
the  image  so  that  the  image  product  meets  National  Map  Accuracy 
Standards  (NMAS)  at  scales  of  1:500,000  and  smaller*  In  the  poorly 
mapped  polar  regions,  especially  in  Antarctica  where  good  maps  and 
control  are  scarce,  there  is  less  certainty  in  the  selection  of 
points  used  in  the  gridding  process.  Therefore  the  resulting  grid 
fit  may  not  meet  NMAS  (90  percent  of  all  well-defined  planimetrie 
detail  should  fall  within  0.5  mm  of  correct  position)  at  1:500,000 
scale. 

The  grid  fit  to  the  McMurdo  Sound  Region  scene  (fig.  6)  using  13 
trianguiation  points  gave  an  RMSE  (root-mean-square  error)  of  183 
meters  or  about  10  meters  over  what  would  meet  NMAS.  However,  if 
discrete  points  had  been  preselected  on  the  imagery  and  the  ground 
positions  for  these  points  established  by  the  Doppler  field 
techniques  previously  described,  it  is  reasonable  to  believe  that 
NMAS  could  be  met  at  1:500^000  scale  and  smaller. 


SUMMARY 

Although  ERTS  products  will  not  replace  the  need  for  large-  and 
small-scale  topographic  maps,  they  will  serve  as  valuable  first- 
look  pictorial  (ortho image)  maps  of  unmapped  and  poorly  mapped 
regions  of  the  world.  They  will  be  extremely  valuable  as 
scientific  and  logistic  planning  documents,  for  identifying  new 
geographic  features,  and  for  assessing  the  areal  cartographic  needs 
of  the  polar  regions,  if  we  are  to  have  a better  understanding  of 
the  way  the  polar  regions  affect  man,  especially  In  Antarctica  with 
its  potential  resources,  there  is  an  immediate  need  to  know  what* s 
there  and  where.  ERTS  with  the  aid  of  the  Navy  Navigational  Satellites 
appears  to  be  the  tool  to  satisfy  these  most  pressing  needs.  Space 
technology  offers  a new  concept  for  producing  small-scale  imagery 
products  of  remote  regions  that  is  substantially  cheaper  and  quicker 
than  production  by  conventional  means. 


CONCLUSIONS 

Conclusions  as  to  the  use  of  ERTS  MSS  imagery  in  polar  regions  are 
summarized  as  follows: 
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MC  MURDO  SOUND  REGION.  ANTARCTICA 


anKLuns  DCAOX  scx^ 


Figure  6. — McMurdo  Sound  Region,  Antarctica.  A single  ERTS-1 

image  scene,  1174 -19433 -7,  January  1973,  was  enlarged 
to  1:500,000  scale.  A fitted  grid  was  prepared  from 
existing  geodetic  control  and  superimposed  on  the  image 


Advantages  - ERTS  Synoptic  Coverage 


Current^  complete,  and  repetitive  coverage 

2,  First-look  imagery  of  unmapped  areas 

3,  Weather  conditions  not  dominant 

4,  Fewer  exposures;  greater  square -mile  scene  coverage 

5#  Reduced  compilation  cost  for  small-seale  products 
(ie:  1:1,000,000) 

6,  Single  scene;  broad  overview 

Special  Uses  and  Benefits 

1.  Source  for  medium-  and  small-scale  ortho image  products 

2.  Source  for  medium-  and  small-scale  map  revision 

3.  Source  for  image  mosaics 

4.  Real-time  bench  mark  for  thematic  mapping: 

Coastal  change  detection 

Sea  ice  studies 

Ice  movement  studies 

5.  Planning  document 

6.  Visual  navigational  aides 
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ERTS-1  DATA  JN  SUPPORT  OF  THE  NATIONAL  PROGRAM  OF  INSPECTION  OF  DAMS 

G.  E.  Graybeal  and  F.  G.  Hall,  NASA,  Johnson  Space  Center,  Houston,  Texas,  B.  H.  Moore  and 
E.  H.  Schlosser,  Lockheed  Electronics  Co.,  Inc.,  Houston,  Texas 


ABSTRACT 

The  National  Aeronautics  and  Space  Administration's  role  in  the 
national  Earth  Resources  Survey  Program  emphasizes  the  develop- 
ment and  transfer  of  remote  sensing  technology  to  operational 
organizations  such  as  federal  agencies,  or  state  and  local  gov- 
emments.  Within  the  scope  of  this  effort  a computer-aided  pro- 
cedure, for  use  in  the  detection  and  location  of  areas  of  surface 
water,  has  been  developed  by  the  Earth  Observations  Division  in 
the  Science  and  Applications  Directorate  at  the  Lyndon  B.  Johnson 
Space  Center,  Houston,  Texas. 


The  procedure  was  developed  in  support  of  the  National  Program 
of  Inspection  of  Dams  established  by  Public  Law  92-367.  The  prO' 
cedure  utilizes  data  acquired  by  the  unmanned  Earth  Resources 
Technology  Satellite  (ERTS-1)  in  conjunction  with  ancillary  data 
in  the  form  of  topographic  and  highway  maps,  and  meteorological 
data  summaries. 
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The  procedure  is  divided  into  several  distinct  phases.  A five- 
volume  manual  has  been  prepared  to  instruct  potential  users  of 
the  procedure. 


INTRODUCTION 

The  overall  goals  of  the  national  Earth  Resources  Program  are  to  provide 
a data  acquisition  capability  to  collect  remotely  sensed  information  on 
the  conditions  of  the  land,  the  oceans,  and  the  atmosphere;  to  provide 
a data  handling  and  processing  capability  for  translating  the  data  into 
an  analyzable  form  and  insure  effective  distribution;  to  provide  inter- 
pretative techniques  and  methods  of  analysis  for  converting  data  into 
earth  resources  information;  and  to  provide  the  means  for  applications 
analysis  and  technological  transfer  permitting  the  effective  application 
of  information  to  management  of  the  earth's  resources.  The  goals  and 
objectives  of  the  National  Aeronautics  and  Space  Administration  in  the 
Earth  Resources  Program  are  based  on  the  above,  with  emphasis  on  the  de- 
velopment and  transfer  of  remote  sensing  technology  to  operational  organ- 
izations, such  as  federal  agencies,  states,  and  local  governments.  This 
paper  illustrates  a remote  sensing  technological  application  which  is 
available  for  transfer  to  the  user  community. 
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In  August  1972,  the  President  signed  Public  Law  92^367  authorizing  the 
Secretary  of  the  Army  to  undertake  a National  Program  of  Inspectton  of 
Dams.  A report  by  the  Secretary  Pf  the  Army  to  Congress  is  due  on  or 
before  July  1 , 1974.  The  report  is  to  include  0}  an  inventory  of  all 
dams  located  in  the  United  States,  (2)-  a review  of  each  inspection  made, 
and  recommendations  furnished  to  the  governor  of  the  state  in  which  such 
dam  is  located  and  information  as  to  the  impTementation  of  such  recom- 
mendations, and  (3)  recommendations  for  a comprehensive  national  program 
for  the  inspection  and  regulation  for  safety  purposes  of  dams  of  the  na- 
tion and  the  respective  responsibilities  which  should  be  assumed  by  the 
federal,  state  and  local  governments  and  by  public  and  private  interests. 

To  facilitate  completion  of  a nationwide  inventory  of  all  impoundments, 
deemed  to  be  within  the  Scope  of  the  National  Program  of  Inspection  of 
Dams,  the  U.S.  Army  Corps  of  Engineers  CCOE) .desianed  an  information  form 
which  basically  divides  the  information  required  into  two  general  cate- 
gories. The  first  category  is  related  to  the  identification  and  loca- 
tion of  each  impoundment  while  the  second  category  is  related  to  physi- 
cal parameters,  design  information,  and  previous  inspection  information 
related  to  each  impoundment. 

An  up-to-date  inventory  of  all  water  Impoundments  in  the  United  States 
is  a prerequisite  for  satisfying  the  first  requirement  of  the  National 
Program  of  Inspection  of  Dams,  and  a partial  basis  for  selection  of 
those  impoundments  to  be  included  in  the  comprehensive  national  program. 
The  computer-aided  procedure  described  in  this  paper  will  provide  a 
methodology  for  use  in  the  completion  of  the  initial  inventory  and  for 
use  as  a method  of  updating  this  inventory  as  part  of  the  comprehensive 
national  program. 

In  December  1972,  the  Texas  Water  Rights  Commission  (TWRC)  submitted,, 
through  the  Office  of  the  Governor  of  Texas,  a request  for  assistance  by 
the  Earth  Observations  Division,  Science  and  Applications  Directorate, 
Johnson  Space  Center,  in  the  development  of  an  operational  prodedure  for 
utilizing  data  acquired  by  the  Earth  Resources  Technology  Satellite 
(ERTS-1)  in  detecting  and  locating  surface  water. 

PROCEDURE  DEVELOPMENT 

Pursuant  to  the  Texas  Water  Rights  Commission's  request,  the  Earth 
Observations  Division  undertook  design  of  a controlled  investigation  in 
which  the  feasibility  of  developing  a procedure  or  procedures  for  using 
ERTS-1  data  to  detect  and  locate  surface  water  would  be  evaluated  quan- 
titatively. 

Operational  Constraints 

The  first  step  in  the  design  of  the  controlled  investigation  was  to  de- 
fine the  major  operational  constraints,  the  Texas  Water  Rights  Conmis- 
sion  would  be  required  to  apply  to  a developed  procedure.  The  con- 
straints and  the  technical  implications  related  to  each  constraint  are 


a.  The  only  digital  data  display  device  available  was  a standard 
line  printer  operating  at  six  Tines  per  Inch.  Asynunetrlcal  aspects  of 
the  ERTS-1  digital  data  along  with  the  use  of  the  line  printer  display 
required  registration  of  the  ERTS-1  data  prior  to  geheratlon  of  a digi- 
tal display.  The  selected  registration  process  combined  with  a digital 
display  at  a scale  of  1:24,000  resulted  In  approximately  ZB%  of  the  orig- 
inal digital  data  being  discarded.  As  a result  of  the  uncertainty  of 
this  data  loss  on  classification  accuracy,  a technical  constraint  was 
adopted  which  precluded  registration  prior  to  classification  processing. 

b.  The  technical  analysts  anticipated  to  use  the  developed  proce- 
dure in  an  operational  climate  would  be  relatively  unfamiliar  with 
computer-aided  processing  of  remotely  sensed  data.  This  required  the 
development  of  highly  procedural 1 zed  techniques  to  maintain  the  reli- 
ability of  the  classifier  by  minimizing  the  effects  of  human  sub jectiv- 

ily- 

c.  The  transferred  procedure  must  be  cost  effective  in  comparison 
to  other  techniques  being  evaluated  by  the  State,  From  this  constraint, 
it  was  deteraiined  that  acquisition  of  ground  truth. for  classifier  train- 
ing by  either  field  visits  or  collection  of  aircraft  imagery  would  not 
be  cost  effective.  Therefore,  It  was  determined  that  the  analyst  would 
only  have  access  to  existing  maps  and  conventional  records  for  support- 
ing the  selection  of  training  data  and  that  the  analyst  would  be  required 
to  select  training  data,  using  only  the  information  contained  on  the 
ERTS-1  system  corrected  computer  compatible  tapes,  and  prior  knowledge 
of  the  spectral  appearance  of  water  as  recorded  by  the  ERTS-1  multi - 
spectral  scanner. 

Performance  Criteria 


The  second  step  in  the  investigation  design  was  the  establishment  of 
performance  criteria  for  use  in  quantitatively  evaluating  the  developed 
computer-aided  procedure(s),  The  Public  .Law  addresses  the  physical  di- 
mensions  of  impounding  dams  together  with  the  volume  of  water  capable 
of  being  impounded  by  the  dams.  Ground  resolved  distances  within  ERTS-1 
MSS  data  precludes  the  determination  of  physical  dimensions  of  dams  but 
is  compatible  with  the  resolution  of  surface  water 4. 04  hectares  (10/ 
acres)  or  greater  In  areal  extent. 

Discussions  were  held  between  NASA  and  the  TWRC,  together  with  th/  COE, 
to  arrive  at  a surface  area  threshold  which  could  reasonably  be  corre-^ 
lated  with  minimum  volumes  of  Impounded  water  as  addressed  In  the  Public 
Law.  TWRC  decided  that  water  bodies  In  Texas  with  a surface  areal  extent 
of  4,04  hectares  (10  acres)  or  greater  would  be  a reasonable  approxima- 
tion to  the  requirements  defined  in  the  Public  Law.  Onsite  investiga- 
tions by  personnel  of  the  TWRC  of  those  water  bodies  detected  and  located 
would  yield  additional  data  required  pursuant  to  the  Public  Law. 


1025 


The  discussions  culmine(ted  in  w ggfeenient  by  the  NASA,  the  TWRC,  and 
the  COE  Qh  the  following  evaluatfon  criteria  to  be  applied  to  ^ach  prO'- 
cedure  tested.  This  criteria  is  as  follows: 

A procedure  is  acceptable  if  all  areas  of  surface  water  4^04  hectares 
CIO  acres)  or  greater  in  areal  extent  are  correctly  detected  and  identi- 
fied with  an  accuracy  of  90%  or  greater  with  a frequency  of  false  detec- 
tion of  10%  or  less.  In  addition,  the  information  to  be  extracted  is 
to  be  registrable  to  a scale  of  1:24,000  with  the  geographic  location  of 
each  resolution  element  (pixel)  classified  as  water  determined  to  a pos- 
itional accuracy  of  300  meters  (1 ,000  feet)  or  closer. 

Performance  Eval uati on  Procedure 

The  third  step  in  the  design  was  the  development  of  a performance  evalu- 
ation procedure  to  facilitate  a decision  related  to  the  acceptability  of 
the  developed  computer-aided  procedure(s).  The  computer-aided  procedures 
for  the  detection  and  location  of  surface  water  each  produce  results  in 
the  form  of  alphanumeric  symbols  on  computer  line  printer  output.  Each 
symbol  corresponds  to  the  ADP  classification  of  an  ERTS-1  MSS  pixel  as 
water.  The  line  printer  output  is  defined  as  a classification  map. 

Initial  experience  gained  in  the  conduct  of  this  investigation  indicated 
a correlation  between  actual  water  surface  area  and  the  number  of  line 
printer  symbols  classified  by  the  ADP  technique  to  be  water. 

To  analyze  the  results,  it  was  decided  to  define  three  surface  water 
area  classes  based  on  the  number  of  contiguous  ADP  identifications  of 
water  on  the  classification  map: 

a.  Class  1 area  - A classification  map  area  containing  one  ADP 
symbol  is  defined  as  the  ADP  identification  of  areas  of  surface  water 
of  0.8  to  2.79  hectares  (2  to  6.9  acres). 

b.  Class  I area  - A classification  map  area  containing  two  con- 
tiguous ADP  symbols  is  defined  as  the  ADp  identification  of  areas  of 
surface  water  of  2.53  to  4.01  hectares  (7.0  to  9.9  acres). 

c.  Class  III  area  - A classification  map  area  containing  three 
or  more  contiguous  ADP  symbols  is  defined  as  the  ADP  identification  of 
areas  of  surface  water  of  4.Q4  hectares  (10  acres)  or  more. 

The  evaluation  procedure  was  based  on  the  defined  classes.  Table  1 
gives  a set  of  equations  which  were  utilized  to  evaluate  the  various 
ADP  techniques  employed. 

Sel ecti on  of  study  Area 

The  fourth  step  in  the  design  was  the  selection  of  a geographic  study 
area  which  supported  the  controlled  aspects  of  the  evaTuation  of 
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TABLE  1 : 


Class  I 

Class  II 

Class  III 

Percent  of  each  class 
Identified  as  Class  I 

^11 

*"l2 

^13 

Percent  of  each  . cl  ass 
identi fied  as  Class  II 

% 

*^22 

•^23 

Percent  of  each  class 
identified  as  Class  III 

^31 

''32 

^33 

Percent  of  each  class 
falsely  identified 

*"oi 

*"02 

•"os 

F- . = frequency  with  which  ADP  identification  of  class  j areas  were 
actually  class  i areas  (i.e.  class  j areas  mis-identified  as 
class  i areas). 


F_^  = frequency  with  which  ADP  identification  of  class  j areas  were 

actually  not  an  area  of  any  class.  (Frequency  of  False  Detection) 


f^ii 


ij 


'id 


L^.  = the  total  number  of  correct  ADP  identifications  of  class  i areas. 

= the  total  number  of  class  i areas  in  study  area. 

N.  = the  total  number  class  j areas. 

J 

K. . = number  of  ADP  identifications  of  class  j areas  which  were  actually 
class  i areas. 


K . = number  of  ADP  identifications  of  Class  j areas  which  were  actually 
not  an  area  of  any  class. 
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candidate  computer-aided  procedures. 

To  evaluate  the  ADP  techn1c}ues.  It  was  necessary  to  select  a study  area 
for  which  an  Inventory  of  surface  water  4.04  hectares  CIO  acres)  or 
greater,  together  with  an  Intensive  study  area  with  0.80  hectares  to  4.04 
hectares  C2  - TO  acres)  surface  water  could  be  generated.  Such  Informa- 
tion could  be  generated  by  seTectlng  an  area  for  which  there  existed 
nearly  concurrent  overpasses  of  ERTS-1  and  aircraft  photographic  mis- 
sions. The  Inventory  of  surface  water  In  the  selected  study  area  deter- 
mined from  aircraft  Imagery  would  constitute  the  "ground  truth"  for 
evaluation. 

A survey  was  therefore  made  of  avallabTe  In-house  ERTS-T  tapes  being 
used  within  . the  Earth  Observations  Division  ERTS-1  Projedt.  The  corres- 
ponding 1:24,000  United  States  Geological  Survey  (USGS)  topographic 
sheets  were  reviewed  to  Identify  geographic  areas  with  Takes  of  various 
sizes.  The  review  Indicated  that  the  Lake  Somervi Tie  area  of  East- 
Central  Texas  was  desirable  for  selection  as  a study  area.  An  area  was 
found  which  had  both  ERTS-1  coverage  and  relatively  concurrent  aircraft 
Imagery,  both  cloud-free.  The  Imagery  from  Mission  220,  flown  November 
8,  1972,  Is  a subportion  (approximately  1/4)  of  the  area  covered  by  the 
October  23,  1972,  ERTS-1  computer  compatible  tape  (CCT),  number  3 of  4 
(ERTS-1  scene  E1092-16305).  The  area  extends  from  the  Colorado  River 
north  to  the  Bryan-CoTlege  Station  area.  Therefore,  the  geographic  area 
covered  by  Mission  220  Imagery  was  selected  as  the  study  area.  The 
ERTS-1  CCT,  Mission  220  Imagery,  and  the  corresponding  1:24,000  topo- 
graphic sheets  were  acquired  as  tools  for  this  Investigation.  Figure  1 
shows  the  complete  ERTS-1  frame  and  the  third  strip  containing  the  study 
area. 

Generation  of  Ground  Truth  Overlay 

The  fifth  step  was  the  generation  of  a ground  truth  overlay  for  the  geo- 
graphic study  area  detailing  the  location  and  sizes  of  surface  water 
areas.  This  overlay  was  compiled  at  a scale  of  1:24,000  to  correspond 
to  existing  USGS,  7 1/2  minute  quadrangle  maps,  using  the  Mission  220 
color  Infrared  Imagery. 

The  study  area  Imagery  was  analyzed  to  provide  the  surface  water  Inven- 
tory. Information  was  compiled  at  a scale  of  1:24,000  for  the  total 
number  of  water  bodies  above  about  3.24  hectares  (8  acres),  and  for  the 
location  of  each  water  body.  To  fad  1 Hate  the  use  of  the  ground  truth 
information  a clear  acetate  overlay  was  produced  containing  the  derived 
Information. 

The  following  is  a description  of  the  steps  employed  in  generating  the 
ground  truth  overlay: 

a.  The  21  frames  of  Mission  220  Imagery,  roll  number  3,  frames 
45  through  66,  relating  to  the  study  area  were  acquired  together  with 
1:24,000  topographic  maps  for  the  same  area. 
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b.  With  the  topogrephtc  jtiaps  e\s  ^ bese»  the  tmgery  wes  used  with 
an  Analytical  stereo"PTotter  to  produce  veilip)  overlays  with  all  water 
bodies  of  approximately  3.24  hectares  C8  acres!  surface  area  and  larger 
compiled  at  a 1:24»000  scale.  The  21  frames  of  Imagery  yielded  20  velTian 
overlays  at  1:24,000  scale. 

c.  Frafite  number  53,  of  the  study  area  imagery,  was  analyzed  In 
complete  detail  to  determine  the  size  and  location  of  all  distinguish- 
able water  bodies.  The  area  covered  by  this  fran«  was  designated  as 
the  Intensive  study  area. 

d.  The  vellum  overlays  on  which  the  water  body  boundaries  were 
indicated  were  planimetered  using  a digital  planlinetric  device  to  obtain 
Surface  areal  measurements. 

e.  The  20  velTimi  overlays  were  mosaicked,  a single  sheet  of  clear 
acetate  overlaid  onto  the  mosaic  and  the  data  on  the  vellums  transferred 
to  the  acetate  overlay. 

The  clear  acetate  overlay  of  water  bodies  at  1:24,000  scale  together 
with  the  tabular  data  of  surface  area  of  the  water  bodies  constituted 
the  ground  truth  for  evaluation  of  the  automatic  data  processing  tech- 
nique. 

Figure  2 shows  a portion  of  the  clear  acetate  overlay  and  shows  the  over- 
lay position  on  a corresponding  1:24,000  topographic  sheet  as  well  as  a 
1:24,000  scale  computer  line-printer  output  depicting  water  classifica- 
tion syntols. 

Computer-Ai ded  Data  Processl ng 

Given  the  operational  constraints,  evaluation  criteria,  evaluation  pro- 
cedures and  the  selected  study  area  and  Its  related  ground  truth  over- 
lay, five  computer-aided  procedures  were  defined  and  evaluated. 

Three  of  the  procedures  utilized  variations  in  training  field  selection 
for  developing  training  statistics  for  use  with  a maximum  likelihood 
classification  algorithm  along  with  data  from  all  four  ERTS-1  multi- 
spectral  scanner  channels.  Two  of  these  procedures  differed  only  in 
the  n«thod  of  selection  training  data  and  required  the  analyst  to  train 
the  classifier  using  classes  related  only  to  water.  The  first  of  these 
two  methods  of  selecting  training  data  required  the  analyst  to  locate 
water  In  the  ERTS-1  scene  using  only  the  line  printer  digital  display, 
along  with  existing  conventional  maps.  The  second  of  these  two  methods 
required  the  analyst  to  select  training  data  from  the  line  printer  dig- 
ital display  based  solely  on  prior  knowledge  of  the  spectral  appearance 
of  water  as  recorded  by  the  ERTS-1  multi spectral  scanner  and  the  anal- 
yst was  provided  no  Information  as  to  actual  location  of  water  In  the 
ERTS-1  scene.  The  third  procedure  required  the  analyst  to  select  train- 
ing data  for  water  classes  and  a spectrally  similar  non-water  class. 
Again,  the  analyst  was  not  required  to  know  the  location  of  either  the 


1030 


1 


water  or  similar  classes  in  the  ERTS-1  scene  prior  to  selection  of  the 
training  data. 

The  fourth  procedure  was  based  on  the  premise  that  an  acceptable  classi- 
fication procedure  could  be  developed  using  only  data  from  band  7 of  the 
ERTS-1  multlspectral  scanner  and  using  a line  printer  to  display  the  low- 
est si7(  data  values  contained  on  the  ERTS-1  system  corrected  computer 
compatible  tape. 

The  fifth  procedure  was  developed  by  using  the  RB57  ground  truth  overlays, 
a spectral  clustering  program  to  obtain  the  means  of  the  spectral  clus- 
ters related  to  bodies  of  water  of  varying  sizes  and  turbidity  levels 
and  other  terrain  features.  The  cluster  means  were  plotted  on  a family 
of  two-dimensional  spectral  diagrams  (e.g. , band  4 vs.  band  7,  band  5 vs. 
band  7,  and  band  6 vs.  band  7).  From  this  family  of  diagrams,  the  two- 
dimensional  diagram  which  showed  the  greatest  separation  between  the  wa- 
ter classes  and  all  other  features  was  selected.  Using  this  diagram,  a 
linear  discriminant  boundary  was  empirically  selected  for  use  In  separ- 
ating water  from  all  other  classes  of  features.  This  empirical  linear 
discriminant  boundary  was  emplrlcany  moved  within  the  band  4 vs.  band 
7 diagram  until  an  acceptable  performance  was  obtained.  It  was  assumed 
that  this  fixed  linear  discriminant  boundary  procedure  would  be  evalu- 
ated over  the  entire  State  of  Texas. 

Of  the  five  procedures  evaluated,  only  the  fifth  procedure  produced  a 
result  which  met  the  established  performance  criteria.  The  procedure 
which  used  only  band  7 data  and  the  lowest  six  data  values  resulted  In 
an  unacceptable  level  of  correct  Identification  In  addition  to  an  unac- 
ceptable frequency  of  false  Identification  (mlsclasslflcatlon  of  non- 
water areas  as  water).  The  other  three  procedures  which  required  the 
selection  of  training  data  for  use  with  a maximum  likelihood  algorithm 
all  resulted  in  unacceptable  performance.  In  all  three  cases,  which 
used  a maximum  likelihood  algorithm,  the  frequency  of  false  Identifica- 
tion was  excessive.  The  resulting  unacceptable  performance  related  to 
these  three  procedures  was  a result  of  incorrect  training  statistics. 

These  incorrect  statistics  resulted  from  either  the  Inclusion  of  non- 
water training  samples  In  the  water  training  statistics,  or  from  the 
selection  of  water  training  samples  which  were  not  statistically  repre- 
sentative of  the  classes  of  water  which  existed  in  the  ERTS-1  scene. 

The  acceptable  performance  obtained  using  the  two-channel  linear  dis- 
criminant technique  using  data  acquired  over  the  study  area  resuTted  In 
a recommendation  that  It  be  the  classification  algorithm  for  the  opera- 
tional procedure.  The  results  of  the  performance  evaluation  are  shown 
in  Table  2. 

Finally,  it  was  determined,  from  previous  work  by  personnel  in  the 
Tarth  Observations  Division,  that  it  was  feasible  to  Incorporate  a reg- 
istration technique  Into  the  computer  software  which  classifies  the 
data  as  either  water  or  other,  retains  the  elements  classified  as  water, 
then  registers  the  data  retaining  those  classified  elements  previously 
dropped  during  registration.  For  these  reasons.  It  was  recommended  that 
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the  twO"Channel  llneair  dtscftfitn^nt  Algortthfn  along  with  a registration 
technique  be  packageci  Into  an  operational  prpgranj. 

OPERATIONAL  PROCEDURE  DESCRIPTION 

The  procedure  Is  structured  arnjund  a set  of  computer  programs  for  detec- 
tion And  Mapping,  known  as  the  DAM  package,  which  are  presently  imple- 
menteJ  onlinivac  1100  series  computers  at  the  Johnson  Space  Center. 
However,  the  computer  programs  can  be  repackaged  for  operation  on  most 
standard  cofr^uters  that  range  from  the  mini-computer  classification  to 
large  scale  data  processing  systems . The  procedure  has  been  divided 
into  four  distinct  phases: 

° Data  Acquisition 
® Control  Network  Establishment 
® Classification  and  Mapping 
° Information  Correlation  and  Interpretation 

The  sequence  of  operations  involved  in  using  the  procedure  is  graphical- 
ly illustrated  in  Figure  3 and  briefly  described  below; 

Data  Acquisition 

The  purpose  of  the  data  acquisition  phase  is  to  assemble  the  ERTS-1 
imagery  and  data  tapes,  maps,  meteorological  data,  and  ERTS-1  data  cata- 
logs required  for  implementation  of  the  procedure. 

After  data  acquisition,  the  next  phase  of  this  computer-aided  procedure 
is  control  network  establishment. 

Control  Network  Establ  ishitient 

The  purpose  of  this  phase  is  to  select  a network  of  ground  control 
points  identifiable  on  both  the  ERTS-1  data  and  corresponding  maps. 

These  will  be  used  to  tie  the  two  data  types  together  to  ensure  a 
computer-generated  map,  which  is  accurately  scaled  and  registered  (lo- 
cated with  respect  to  the  earth's  surface)  for  correlation  with  a con- 
ventional map.  ERTS-1  system-corrected  computer-compatible  tapes  have 
not  been  corrected  to  achieve  precise  geometric  correction  and  registra- 
tion; consequently,  corr^ections  for  the  geometric  distortions  are  re- 
quired to  ensure  an  acceptable  computer-generated  cartographic  product. 

Control  network  establishment  is  accomplished  by  a series  of  steps  per- 
formed on  each  set  of  four  ERTS-1  digital  tapes,  corresponding  to  a TOO 
by  100  n. mi.  scene  for  the  area  to  be  analyzed. 

Cl assifi oati on  and  Mappi ng 

Classification  and  mapping  is  the  last  phase  of  computer-processing  in 
the  detection  and  mapping  of  surface  water  using  ERTS-1  data.  It  results 
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Perfonneince  Eyalusitton  Results 
Two-Chennel  Ratio  Technique 

Channels  1 and  4 


Class  1 

Class  II 

Class 

III 

Percent  of  each  class 
identified  as  Class  I 

j « 8% 

F-12  ‘ 29% 

^13  “ 

0% 

Percent  of  each  class 
identified  as  Class  II 

F21  * 0% 

F22  = 43% 

*"23  “ 

0% 

Percent  of  each  class 
Identified  as  Class  III 

F31  « 0% 

F32  = 14% 

•"33  “ 

100% 

Percent  of  each  class 
falsely  Identified 

Fq^  = 0% 

11 

0 

•"03  “ 

0% 

FIGURE  3.  - Computer-aided  Procedure  Sequence  of  Operation 
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In  computer-genercited  line  printer  output  showing  the  location  of  each 
point  classified  as  water  at  the  scale  specified  by  the  user,  a listing 
of  selected  Incremental  geographic  coordinates  corresponding  to  latt- 
tude/longltude  symbols  bn  the  computer-generated  output,  and  an  optional 
listing  of  pl-xels  classified  as  water. 

The  computer  programs  used  are  DAM.COEF  and  DAM, CLASSIFY,  run  in  succes- 
sion in  the  same  computer  run  for  each  data  set.  These  programs  use  an 
ERTS-1  data  tape  and  the  transformation  coefficients  generated  during 
control  network  establishment.  Each  ERTS-l  pixel  (picture  element) 
on  the  tape  is  individually  classified  as  "water"  or  "other"  based  on 
its  spectral  values.  Mathematical  transformation  coefficients  previous- 
ly derived  are  used  to  compute  geographic  coordinates  for  each  data  ele- 
ment classified  as  water  and  toassign  each  element  classified  as  water 
to  a position  on  the  line  printer  map.  In  addition  to  symbols  for  each 
element  classified  as  water,  the  line  printer  output  maps  indicate  lati- 
tude and  longitude  intersection  points  along  with  "cut-line"  symbols 
($),  "join-line"  symbols  (the  right  edge  of  line  numbers  on  each  line 
printer  output  strip),  and  "limits  of  coverage"  symbols  (:).  These 
serve  as  guides  In  joining  together  the  individual  output  strips  to 
form  mosaics  during  correlation  and  interpretation. 

Information  Correlation'  and  Interpretation 

Information  correlation  and  interpretation  constitutes  the  last  phase  of 
the  computer-aided  procedure  for  using  ERTS-1  data  to  detect  and  locate 
areas  of  surface  water.  The  purposes  of  correlation  and  interpretation 
of  the  classification  and  mapping  outputs  are  to  mosaic  the  individual 
line  printer  output  strips  to  form  a map  and  to  transfer  the  computer 
derived  information  to  conventional  maps  for  further  analysis. 

Figure  4 is  a General  Highway  Map  of  Washington  County,  Texas,  at  a 
scale  of  1:126,720  (1  inch  - 2 miles).  The  map  sheet,  from  the  1968 
series,  shows  Somerville  Reservoir  and  the  Brazos  River.  Figure  5 pre- 
sents a portion  of  a correlated  computer-generated  map  at  a scale  of 
1:126,720  corresponding  to  the  area  outlined  on  the  highway  map.  Somer- 
ville Reservoir  and  the  Brazos  River  are  shown,  as  well  as  numerous  other 
areas  of  surface  water.  In  addition.  Figure  5 shows  the  results  of  con- 
structing a mosaic  from  line-printer  output,  followed  by  the  annotation 
of  latitude/longitude  intersections  according  to  a Geographic  Intersec- 
tion Table  provided  with  the  line-printer  output.  In  this  case,  the 
user-selected  coordinate  increments  were  every  15  minutes.  Connecting 
intersections  with  lines  is  optional.  The  resulting  computer-generated 
map  is  easily  visually  correlated  to  the  highway  map  using  the  grati- 
cules on  both  maps. 

INFORMATION  ANALYSIS 

Information  analysis,  i.e. , use  of  the  computer-generated  information, 
follows  completion  of  the  computer-aided  procedure.  The  purposes  of 
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information  analysis  are  twofold:  Cl)  to  evaluate  the  procedure  and  ver- 

ify the  results,  and  (2)  to  relate  information  generated  by  the  computer- 
aided  procedure  to  information  required  within  the  National  Program  of 
Inspection  of  Dams.  A sequence  of  steps  which  might  be  followed  is  pre- 
sented below: 

a.  Periodically  evaluate  and  verify  the  procedure  by  processing 
data  for  test  areas  containing  water  bodies  of  known  areal  extent. 

b.  Note  areas  of  surface  water  derived  through  use  of  the  proce- 
dure which  are  not  shown  on  the  selected  base  maps.  These  areas  may  be 
verified  through  use  of  recent  aerial  photography,  helicopter  or  light 
plane  overflights,  or  field  checks. 

c.  Select  from  amended  and  verified  base  maps  those  areas  of  sur- 
face water  meriting  further  consideration  within  the  National  Program  of 
Inspection  of  Dams. 

d.  Extract  the  information  required  for  an  inventory  of  dams  in 
the  United  States  under  the  National  Program  of  Inspection  of  Dams  from 
the  amended  base  maps  for  each  qualifying  area  of  surface  water,  and  en- 
ter on  Corps  of  Engineers  from  ENG  4474. 

SUMMARY  AND  CONCLUSIONS 

Processing  ERTS-1  data  by  utilizing  the  computer-aided  procedure  des- 
cribed in  this  manual  will  provide  an  inventory  of  areas  of  surface  wat- 
er. The  procedure  has  been  evaluated  quantitatively  using  ERTS-1  data 
corresponding  to  the  study  area  in  East  Texas.  However,  each  user  should 
quantitatively  evaluate  the  performance  resulting  from  execution  of  the 
procedure  using  ERTS-1  data  corresponding  to  an  area  of  interest  to  the 
user.  The  inventory  of  dams  deemed  to  be  within  the  scope  of  the  National 
Program  of  Inspection  of  Dams  can  be  derived  from  the  computer- genera ted 
information. 

Use  of  the  computer-aided  procedure  to  generate  information  has  the  fol- 
lowing advantages  over  information  derived  from  the  use  of  conventional 
methods: 

a.  Provides  an  inventory  which  is  as  current  as  available  ERTS-1 
coverage  and  is  more  complete  and  accurate  than  an  inventory  derived  from 
the  use  of  conventional  methods. 

b.  Cost-effective  in  comparison  with  the  time  and  effort  expended 
in  the  use  of  conventional  methods, 

c.  Available  for  immediate  implementation  to  meet  the  time  limita- 
tions imposed  by  Public  Law  92-367. 

d.  Computer  programs  are  compatible  with  standard  computers  that 
range  in  size,  from  the  mini-computer  classification  to  large  scale  data 
processing  systems. 
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FIGURE  4.  - Heduced  general  highway  map  of  Washington  County,  Texas 
(original  scale  of  1:126,720,  1 inch  = 2 miles). 
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FIGURE  5.  - Reduced  portion  of  computer-generated  map  correlated  to  Washington  County  Highway 
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DYNAMICS  OF  PLAYA  LAKES  IN  THE  TEX;^  HIGH  PLAINS 
C.  C.  Reeves,  Jr.,  Texas  Tech  University 


ABSTRACT 

Three  small  playa  lake  basins  on 
the  Texas  High  Plains  were  originally 
selected  as  ERTS-1  test  sites  to  attempt 
correlation  of  ERTS-l  imagery  with  the 
water  balance  ecosystem  and  geology/ 
morphology  of  the  lake  basins.  Two 
of  the  test  sites  were  instrumented 
with  water  level  recorders,  infiltro- 
meters,  tensiometers,  evaporation  pans, 
totalizing  aneometers,  weighing  rain 
gauges,  and  continuous  recording  micro- 
barograph  and  hygro- thermographs . How- 
ever, when  initial  imagery  (under 
maximum  usable  magnification)  showed 
that  resolution  was  not  adequate  for 
the  monitoring  of  water  fluctuations 
of  the  small  lakes,  the  5 -mile  long 
large  Double  Lakes  playa  complex  was 
instrumented  as  an  alternate  test  site. 

During  the  period  July  19 72 -August 
1973,  the  Double  Lakes  pi ay as  went  from 
an  initial  flooded  condition  (July,  1972 
pass)  to  a partially  dry  condition  (south 
playa  dry,  north  playa  wet,  June  19,  1973 
pass)  to  a total  dry  condition  (July  6) 
to  a flooded  condition  (July  24)  to  a 
partial  dry  condition  (August  11).  This 
sequence  is  portrayed  by  16  mm  time-lapse 
film  loops  constructed  from  ERTS-l  MSS 
imagery. 

Color  composites  using  an  electronic 
density  profile  have  been  particularly 
useful  for  distinguishing  the  exact  water 
area  from  the  muddy  areas  of  the  Double 
Lakes  playas,  and  for  determining  the  salt 
cnust  areas.  Color  composites  also  portray 
gradations  in  water  transparency,  due  to 
depth  fluctuations,  suspended  sediment 
or  algae,  much  better  than  the  single  MSS 
bands . 
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Analysis  of  Bands  6 and  7 of  ERTS-1 
MSS  imagery,  using  photographic  enlargement 
and  a 32-color  density  slicer  with  zoom 
magnification,  shows  that  lake  basins  as 
small  as  200  m in  diameter  (±10  acres)  can 
be  reliably  classified  as  being  "wet"  or 
"dry",  thus  supplying  the  methodology  for 
a rapid,  periodic  census  of  surface  water. 

A cost/bene fit  analysis  reveals  that  the 
use  of  MSS  imagery  for  such  a census 
results  in  a 66  to  2 00 -fold  cost  reduc- 
tion when  compared  to  the  costs  of  using 
other  conventional  methods.  Thus,  even 
the  poorest  of  the  arid  countries  of  the 
world  can  afford  to  monitor  their  ephemeral 
lakes,  enhancing  the  predictability  of 
extended  drought  conditions. 


INTRODUCTION 

The  semi-arid  and  arid  lands,  which  constitute 
^i^nearly  30  percent  of  Earth's  continental  surfaces, 
‘'are  pock-marked  by  small  natural  basins,  the  inten- 
, r^^ity  of  which  in  many  areas  commonly  exceeds  1 per 
^ square  mile.  These  basins  contain  water  during 
'^•%et  periods  and,  as  such,  frequently  constitute 
the  only  available  source  of  fresh  water  for 
-yillages , livestock  and  crops.  In  countries 
■ 'with  the  technological  "know  how,"  playa  lake 
C.'water  often  exists  as  the  only  natural  source 
4^, for  natural  and  artificial  recharge  of  local 
■■  aquifers. 

‘ 

f » The  Southern  High  Plains  of  West  Texas  and 
'•■'eastern  New  Mexico,  for  example,  is  now  an  iso- 
lated plateau  of  approximately  30,000  square  miles 
which  receives  no  ground  water  recharge  except 
from  precipitation  (Fig.  1).  Yet,  over  5 million 
acres  in  cultivation  makes  the  Southern  High 
Plains  one  of  the  most  intensely  farmed  areas  in 
the  United  States.  This  tremendous  agricultural 
economy,  based  principally  on  cotton  and  sorghum 
with  lesser  amounts  of  winter  wheat,  onions, 
potatoes  and  castor  beans,  has  been  developed  and 
can  only  continue  to  exist  because  of  the  regional 
Ogallala  aquifer.  Since  1940,  some  60,000 
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Figure  1 - Index  map  o£  Southern  High  Plains. 
The  stars  show  the  localities  of  the  three 
original  ERTS-1  test  sites.  The  large  ERTS-1 
Double  Lakes  test  site,  Lynn  County,  Texas, 
is  located  near  the  star  south  of  Lubbock. 
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irrigation  wells  have  been  drilled  and  have  been 
producing  ever  increasing  amounts  of  water  from 
the  Ogallala  aquifer.  During  the  last  30  years 
the  regional  water  table  has  fallen  over  a hun- 
dred feet  in  some  areas  and  certain  localities 
have  been  completely  dewatered  in  response  to  this 
widespread  groundwater  withdrawal.  The  depletion 
of  the  Ogallala  aquifer,  and  remedial  measures  to 
extend  the  life  of  the  aquifer,  has  been  the  sub- 
ject of  studies  by  several  private  and  governmental 
agencies  (Texas  Water  Development  Board,  1968). 
Suggestions  for  extending  the  life  of  the  aquifer 
have  ranged  from  the  importation  of  water  (from 
Mississippi  or  even  Canada)  to  the  development 
of  a regional  artificial  recharge  program 
utilizing  the  ephemeral  playa  lake  waters. 

The  prospect  of  using  the  playa  lake  surface 
water  for  regional  recharge  has,  of  course,  been 
of  most  Immediate  interest  due  to  the  potpourri 
of  engineering  and  political  problems  associated 
with  water  importation.  Although  recharge  is  in 
itself  expensive,  such  methods  have  a long  and 
encouraging  history  (Tison,  1970),  and  with  the 
prospect  of  80ij:  cotton  and  $4.00  grain,  the  cost/ 
benefit  ratio  is  rapidly  becoming  more  attractive. 
Unfortunately,  no  one  knows  how  many  lakes  there 
are  at  any  particular  "wet  spell",  let  alone  how 
much  such  water  might  be  available  during  a year's 
time  for  such  a recharge  project. 

The  rational  behind  our  ERTS-1  proposal,  which 
naturally  was  impleraented  before  present  inflated 
farm  prices,  was  to  correlate  ERTS-1  imagery  with 
the  water  balance  ecosystem  and  geology/morphology 
of  several  typical  playa  lake  basins  on  the  Southern 
High  Plains,  Spatial  distribution  of  Soils  and 
time ^ space  distribution  of  soil  moisture  and  ponded 
water  was  to  be  correlated  with  the  satellite 
imagery.  Such  correlations  were  expected  to  aid 
in  approximating  water  loss  and  changes  in  storage 
volume  with  time  as  related  to  meteorologic  para- 
meters. Thus,  direct  application  of  the  study 
was  an  inventory  of  the  water  budget  of  a semi- 
arid  playa-type  lake  system. 
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METHODOLOGY 


The  three  original  test  sites,  each  covering 
a drainage  area  of  approximately  1,000,000  square 
meters  and  having  playa  areas  of  approximately 
160,000  square  meters,  were  staked  on  100  m grids. 
Soil  scientists  then  took  samples,  using  hand  or 
power  augers  and  probes  (Fig.  2)  and  made  profile 
descriptions  at  most  intersections  to  produce  soil 
maps  of  each  test  site  (Fig.  3). 

The  basins  were  then  drilled  with  a power 
auger  to  determine  the  thickness  and  extent  of 
lacustrine  fill  and  the  morphology  of  each  basin 
(Fig.  4 and  Fig.  5) . A continuous  core  in  the 
deepest  part  of  each  basin  was  then  taken,  and 
samples  are  now  being  worked  for  pollen  content 
and  clay  mineralogy.  The  results  of  the  pollen 
profiles , the  clay  mineralogy,  lacustrine 
stratigraphy  and  basin  morphology,  will  allow 
reasonable  assumptions  to  be  made  regarding 
origin(s)  and  geologic  history,  of  the  basins . 
Vegetation  studies  are  also  being  conducted  on 
the  test  sites  by  an  independent  investigator, 
but  no  data  is  now  available. 

Two  of  the  small  test  sites  we  re  initially 
instrumented  with  water  level  recorders , infiltro- 
meters , tensiometers , evaporation  pans , totalizing 
aneometers,  weighing  rain  gauges , and  continuous 
recording  microbarograph  and  hygro- thermographs 
(Fig.  6)  to  monitor  local  we athe r and  to  help  in 
correlating  the  water  balance  with  any  resultant 
ponded  storage . 


IMAGERY 

As  expected,  initial  imagery  illustrated  that 
MSS  Bands  6 and  7 were  best  for  delineation  of 
water  areas  in  the  test  site  area;  however,  our 
initial  image  of  29  July,  1972  (1006-16522)  revealed 
that  resolution  of  the  three  original  test  sites 
was  adequate  only  for  distinguishing  the  presence 
or  absence  of  water.  Water  fluctuations  in  the 
small  playa- type  basins , as  seen  on  succeeding 
passes  (Fig.  7) , could  not  be  discerned  even 
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Figure  2 - Using  power  auger  for  soil  inves- 
tigation at  the  Heard  Playa  test  site.  Hale 
County,  Texas. 
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Figure  3 - Soils  map  of  the  Heard  Playa  test 
site.  Hale  County,  Texas  (by  J.  Goebel). 

D = Drake,  Pu  = Pullman,  L = Lofton,  Oa,  Ab 
Olton,  Po  = Posey,  R = Randall,  E = Estacado 


Figure  4 - Map  showing  thickness  of  lacustrine 
fill  at  the  Heard  Playa  test  site,  Hale  County, 
Texas,  and  locations  of  cross-sections  of  the 
basin  constructed  from  drill  holes. 
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Figure  5 - Cross  sections  of  the  Heard  Playa 
test  site,  Hale  County,  Texas,  and  locations 
of  cross-sections  of  the  basin  constructed 
froiii  drill  holes. 
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Figure  7 - View  of  the  T-Bar  test  site 
(arrow)  Lynn  County,  Texas,  from  the 
9 October,  1972  pass  (1078-16524) , 
Original  ERTS-1  scene  magnified  to 
maximxam  usable  power. 
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though  the  water  area  of  the  T-Bar  test  site,  for 
example,  ranged  from  a maximum  of  20  acres  to  zero. 
Field  experiments  showed  that  the  resolution  of 
water- filled  lake  basins  in  the  area  depends  on 
surrounding  vegetation  and  the  MSS  band  used.  For 
example,  a water  area  less  than  20  acres  surrounded 
by  range  grass  is  impossible  to  see  on  Band  4,  but 
in  a light-colored  soil  area,  water  areas  less 
than  10  acres  will  image  on  Bands  6 or  7.  Linear 
objects  if  in  marked  contrast  to  the  surrounding 
area,  have  imaged  with  widths  as  small  as  36  feet. 

Because  of  the  predicted  theoretical  resolu- 
tion limits  of  ERTS-1  imagery,  and  the  known  size 
of  the  test  sites,  it  was  early  suspected  that 
monitoring  of  water  fluctuations  at  the  test  sites 
would  be  impossible.  Therefore,  an  alternate 
test  site,  the  Double  Lakes  dual  playa  complex 
of  Lynn  County,  Texas,  (Fig.  8),  was  selected. 

The  Double  Lakes  site,  consisting  of  a dual  playa 
complex  approximately  5 miles  long  eroded  in  the 
lacustrine  sediments  of  an  ancestral  Pleistocene 
lake  which  once  covered  a-bout  9 square  miles, 
has  a drainage  area  of  about  35  square  miles. 

This  type  of  playa  basin  is  representative  of 
the  large  type  saline  playas  common  the  the  arid 
and  semi-arid  areas  of  Asia,  Africa,  Australia, 
South  America  and  the  western  United  States, 

After  receipt  of  initial  imagery,  which  con- 
firmed our  resolution  expectations,  the  instru- 
mentation was  removed  from  one  of  the  original 
small  playa  test  sites  and  installed  between 
the  playas  at  the  Double  Lakes  test  Site. 

A soils  map  and  a geologic  map  (Fig.  9)  of 
the  Double  Lakes  test  site  were  then  constructed. 
The  extent  of  lacustrine  fill  and  general  mor- 
phology of  the  basin  was  determined  by  outcrop 
studies  and  33  drill  holes.  The  drill  holes, 
totaling  1180  feet,  were  drilled  through  the 
lacustrine  fill  of  the  basin  to  the  underlying 
Cretaceous  bedrock.  This  revealed  that  the 
Double  Lakes  basin  formed  along  an  ancient  drain- 
age channel  which  crosses  a topographic  high  on 
the  Cretaceous  unconformity  (Fig.  10)  and. is  not 
a sample  deflation  basin  or  a sink. 

The  ERTS-1  satellite  first  passed  over  the 
West  Texas  study  sites  on  29  July,  1972.  Table  1, 
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Figure  8 - Views  of  the  Double  Lakes  test 
site,  Lynn  County,  Texas.  A = the  north 
playa  (view  to  the  northwest,  B = the  south 
pi ay a (view  to  the  southwest) . 
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Figure  9 - Geologic  map  of  the  Double 
Lakes  test  site,  Lynn  County,  Texas. 

To  = Ogallala  Formation  (Pliocene), 

Qt  = Tahoka  Formation  CPleistocene: 
Wisconsin) , Cg  * "Cover  Sands"  (Pleis- 
tocene : Illinoian) , Dj , Djt , D|j j = 

dunes  (Pleistocene) , Qal  “ Quaternary 
alluvium,  Qp'p  = Pre-Tahokan  (Pleis- 
tocene: pre-Wisconsin),  Ql  = Lacu- 
strine playa  (Quaternary:  reworked), 

K = Cretaceous  (by  J.W.  Buchanan,  Jr.). 
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Figure  10  - Structural  map  on  top  of  the  Greta 
ceous  surface  at  the  Double  Lakes  test  site, 
Lynn  County,  Texas.  Control  from  irrigation 
wells  and  drill  holes.  The  present  playas  are 
cross-hatched  (by  J.W.  Buchanan,  Jr.) . 


Table  1 - Summary  of  ERTS-1  passes  over  the  West  Texas 


CM 

nd 

1 

P 

u 

U 

un 

o 

0 

o 

CM 

r-H 

p 

u 

a 

o 

rH 

•H 

-M 

• H 

O 

u 

P 

•P 

m 

o 

PU 

o 

< 

CD 

P 

P 

T— 1 

Tid 

0 

CM 

CM 

rO 

nd 

a 

a> 

p 

to 

u 

> 

a 

JH 

u 

cd 

0 

0 

CD 

S 

u 

p 

rO 

0 

cd 

•s 

p 

u 

(D 

LO 

•pH 

CM 

p 

o 

fd 

CD 

p 

•pH 

CO 

0 

to 

p 

>> 

u 

0 

o 

P 

0 

Cd 

:s 

Cd 

in 

P 

CD 

0 

to 

cd 

CO 

P 

to 

CM 

0 

ctf 

0 

p. 

P 

IS 

CM 

to 

p 

p 

0 

* 

Oi 

W) 

rO 

cd 

tH 

5 

CD 

< 

to 

U 

P 

cd 

o 

Cd 

CM 

r—l 

p 

CD 

to 

CO 

u 

•H 

CD 

to 

to 

• 

S 

rH 

P 

+-> 

CD 

0 

to 

U 

> 

CD 

CD 

Cd 

o 

4J 

Q 

is: 

u 

1054 


summarizing  the  ERTS-1  passes  over  the  study  areas , 
shows  that  only  52  percent  o£  the  passes  were  use- 
ful, there  being  two  periods  where  53  days  occurred 
between  usable  imagery.  The  greatest  number  of 
adj acent  scenes  received  to-date  has  been  the  4 
pass  sequence  of  June  18,  July  2 and  24,  and  August 
11 . It  was  fortunate  that  our  monitoring  program 
ce ases  September  1 , 1973,  for  the  3 succeeding 
passes  of  Augus t 29,  September  16  and  October  4 
were  not  usable  due  to  over  70%  cloud  cover. 

During  the  period  July  1972-September  1,  1973, 
the  three  original  study  sites  were  wet  for  only  a 
few  weeks  during  the  late  summer- early  fall.  The 
Double  Lakes  site  was  flooded  from  July,  1972 
until  June , 1973.  After  drying  late  in  June , the 
site  was  again  flooded  in  July  and  went  dry  by 
September,  1973.  Monitoring  of  the  Double  Lakes 
site  was  initiated  on  December  30,  1973,  and  con- 
tinued until  September  1 , 1973. 


STUDY  METHODS 

ERTS-1  MSS  imagery,  in  9 x 9 positive  format 
and  all  available  color  composites , are  being 
studied  by  us ing  B § L Zoom  magnifiers , photography, 
a 32-color  density  slicer,  and  the  time  lapse 
storage  and  retrieval  capability  of  the  Stanford 
Research  Institutes  ESIAC  (Electronic  Satellite 
Image  Analysis  Console) . 


Photography  of  the  MSS  color  composites , 
whereby  35  mm  slides  are  taken  of  select  enlarged 
areas , and  then  projected  on  a large  screen,  have 
been  most  useful . Figure  11  illustrates  such  a 
sequence  from  the  7 April , 1973  pass  (1258-16534) 
illustrating  how  details  of  the  Double  Lakes  test 
site  can  be  brought  out  with  such  techniques . 

Density  slicing,  using  an  I^S  unit  (Fig.  12) , 
with  an  Angenieux  10  x 15  Zoom  lens  and  a 2X 
extender,  produces  maximum  us ab le  magnification 
on  a 17- inch  color  TV  monitor.  At  small  scale  the 
cultivated  cotton  and  sorghum  fields,  the  range 
land  (grasses)  and  a few  of  the  major  soil  pat- 
terns in  the  test  site  area  are  enhanced  by 
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Figure  11  - Reproductions  of  the  7 April,  1973 
pass  (1258-16534)  over  the  Lubbock,  Texas,  area. 
The  arrow  on  A points  to  the  Double  Lakes  test 
site  which  is  brought  out  by  photographic 
enlargement  on  B and  C.  Notice  differences  on 
water  depth  between  the  north  and  south  playa 
and  the  isolated  muddy  spot  at  the  north  end 
of  the  north  playa  (arrow  on  C) . Also  see 
Fig.  13B. 
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Figure  12  - The  I'^S  32-color  density  slieer 
with  10  X 15  Angenieux  Zoom  lens,  density 
control  unit  (DCU) , and  electronic  plani- 
metry. 


1057 


density  slicing.  However,  at  large  scale,  density 
slicing  greatly  enhances  the  water  in  the  test  site 
playas  and  on  some  views  seven  different  variations 
can  be  recorded.  Although  we  first  suspected  that 
the  density  changes  were  the  result  purely  of 
changes  in  water  depth,  it  is  possible  that  sus- 
pended load  or  algae  may  be  a significant  factor. 
Correlation  of  water  quality  with  ERTS-1  imagery 
will  be  examined  during  the  water  flood  period 
of  1973-1974. 

Measurements  by  the  DCU  Cdensity  control  unit) 
which  is  built  into  the  density  slicer  and  calibrated 
to  a photographie  step  wedge,  are  also  available  for 
determining  playa  characteristics.  For  example,  on 
the  October  9 view  (1078-16524),  the  density  measure- 
ment of  the  12  inches  of  water  measures  +2.05,  and 
the  muddy  part  of  the  playa  measures  +1.28  on  a 
density  range  of  0.15  to  2.30  corresponding  to  a 
maximum  70.0  percent  of  transmission  on  the  color 
composite.  However,  on  MSS  Band  7 Scene  1078- 
16524  Shows  density  measurements  of  +1.73  for  the 
salt  crusted  playa,  +1.80  for  the  muddy  area,  and 
+2.15  for  the  water  on  a density  range  of  0.00  to 
2.15  corresponding  to  a maximum  of  100  percent  of 
transmission.  Such  changes  related  to  water  depth 
and  seasonal  change  are  summarized  in  Table  2 
and  Table  3 from  the  MSS  color  composites  and 
MSS  Band  7,  respectively. 

Use  of  the  DCU,  whereby  a trace  of  the  film 
density  is  projected  on  the  TV  monitor  along  the 
vertical  axis  of  the  cursor,  has  been  very  useful 
for  pinpointing  extent  of  the  water  area  and 
extent  of  the  muddy  playa  (Fig.  13).  For  example, 
notice  on  Figure  13  (9  October,  1972  pass)  that 
the  density  of  the  water  in  the  north  playa  of 
the  Double  Lakes  test  site  is  fairly  uniform, 
but  decreases  in  intensity  to  the  north,  passing 
into  a jagged,  sloping  intensity  zone  indicating 
the  muddy  part  of  the  playa  (arrow).  Figure  13B 
(7  April,  1973  pass)  illustrates  a localized 
muddy  area  (arrow)  to  the  north  of  the  flooded 
playa,  but  separated  by  a salt  encrusted  playa 
area.  Figure  13C  (16  August,  1972  pass)  illus- 
trates the  flooded  playa  four  months  later, 
showing  the  same  small  muddy  area  north  of  the 
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TABLE  2 - Density  variations  with  changes  in  water 
depth  and  season  at  Double  Lakes  test  site. 
Measurements  made  on  MSS  color  composites. 


DATE 

WATER  DEPTH 
CM 

DENSITY  RE 
Deepest  Water 

:ADINGS,  NORl 
i Mud  Area 

:h  PLAYA 

Salt  Crust 

July  29 

5.08 

CNA 

1"  iini j, 

CNA 

CNA 

Aug  16 

22.86 

1.10 

0.76 

0.69 

Oct  9 

30.48 

2.05 

1.28 

Nov  14 

35.56 

1.75 

1.46 

1.20 

Dec  2 

40.00 

1.70 

1.50 

1.35 

Feb  12 

40.64 

CO 

CO 

CO 

Mar  20 

40.38 

1. 47 

1.13 

Apr  7 

40.64 

1.06 

NP 

0.85 

June  18  i 

2.54 

CNA 

CNA  j 

CNA 

July  6 

0.00 

NP  i 

NP 

1.04 

24  1 

2.54 

CO 

CO 

CO 

Aug  11 

0 . 00 

CO 

CO 

CO 

NP  = not  present 

CO  = composite  ordered 

CNA=  composite  not  available 
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Table  3 - Density  variations  with  changes  in  water 
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Aug  11  I 0.00  I ----  1+1.56  1 1.17  I DRY  PLAYA 


Figure  13  - Density  profiles  across  the  north 
playa  of  the  Double  Lakes  test  site.  A = 9 
October,  1972  pass  (1078-16524),  B = 7 April, 
1973  pass  (1258-16534),  C = 16  August,  1972 
pass  (1024-16522).  See  Fig.  IIA,  B,  C for 
regional  view  of  this  scene. 


principal  water  body.  However,  as  indicated  by  the 
density  curve,  moisture  content  was  less.  The 
reason  for  the  constriction  in  all  three  density 
profiles  near  the  neck  in  the  playa  is  due  to  a 
shoaling  of  the  water  due  to  a local  high  on  the 
playa  surface . 


APPLICATIONS  AND  FUTURE  POTENTIAL 

The  initial  ERTS-1  imagery  over  the  West  Texas 
test  area  (29  July,  1972,  1006-16522)  contained,  on 
Band  6,  the  visible  wet-soil  scar  from  a local 
thunderstorm  the  previous  evening  (Fig.  14).  This 
storm,  with  tops  at  about  8 km  and  a diameter  of 
only  2.4  km,  originated  99  km  northwest  of  Lubbock, 
thus  may  have  dropped  most  of  its  water  outside 
the  imaged  area.  However,  although  we  have  no 
antecedent  imagery,  we  suspect  all  of  the  353  to 
447  water- filled  playa  lake  basins  within  the  storm 
path  were  filled  by  the  storm.  Storm  paths  have 
been  observed  frequently  on  other  scenes  (1385- 
16523),  thus  observation  of  isolated  storm  cells, 
coupled  with  ground- truth  observations,  should 
refine  meteorological  water- fall  predictions. 
Secondly,  there  are  very  few  areas  where  ground 
observation  networks  are  dense  enough  to  give 
an  exact  geographical  distribution  of  storm 
extent.  ERTS-l  scenes,  in  MSS  Bands  6 and  7, 
provide  a method  of  quickly  determining  the 
exact  geometrical  pattern  of  water  drop  from 
isolated  storm  cells  as  long  as  the  precipita- 
tion does  not  fall  too  long  before  the  satellite 
pass.  However,  it  is  interesting  to  note  that 
although  the  storm  of  28  July,  1972,  was  small 
and  of  local  extent,  the  wet  soil  path  also  shows 
on  the  16  August  (1024-16522)  pass. 

Certainly,  the  most  exciting  application  of 
ERTS-1  imagery,  as  illustrated  by  our  work,  is  for 
taking  a lake  census  in  the  serai-arid  and  arid 
lands.  Because  of  the  vast  size  of  the  Earth’s 
serai-arid  to  arid  areas,  the  high  intensity  of 
natural  basins,  the  characteristic  curaulo-nurabus 
type  storm  pattern  which  produces  high  local 
runoffs,  and  the  regional  lack  of  potable  water. 
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Figure  14  - ERTS-1  scene  1006-16522  (29  July,  1972)  of  the  West 
Texas  study  site  area.  This  is  a negative  print  illustrating 
the  storm  path  passing  just  southwest  of  Lubbock,  Texas.  The 
trend  of  the  stofm  path  is  marked  by  marginal  arrows.  The 
white  spots  within  the  path  represent  small  water-filled  lake 
basins.  White  areas  in  the  eastern  and  southern  parts  of  the 
picture  are  clouds. 
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a rapid,  cheap  method  to  inventory  available  surface 
water  supplies  during  various  times  of  the  year  is  a 
prerequisite  to  responsible  water  management.  Pre- 
viously, even  in  populated  areas  with  ready  access 
such  as  the  Southern  High  Plains  of  West  Texas,  it 
has  not  been  practical  to  inventory  surface  water 
supplies.  For  example,  consider  how  many  people  it 
would  take  and  what  it  would  cost  to  count  the 
number  of  lake  basins  containing  water  in  a 30,000 
square  mile  area  when  there  are  approximately 
20,000  such  basins . Naturally,  in  isolated  areas 
the  problem  is  compounded.  For  instance,  in  parts 
of  Arizona  it  recently  took  two  men  7 days  to 
locate , by  automobile  and  walking,  only  26  stock 
tanks  (personal  communication , C.  Brent  Cluff , 
Tucson,  1973) . 

An  example  of  such  a census  was  the  pilot 
count  made , at  our  request,  on  scene  1006-16522 
(9  October,  1972)  by  Stanford  Research  Institute 
personnel : the  count  was  6631  water-filled  basins ! 

A second  count  was  made  by  SRI  personnel  of  only 
those  water-filled  lake  basins  on  the  Southern 
High  Plains , Texas  and  e as te rn  New  Mexico , from 
parts  of  eight  scenes  of  MSS  Band  7 imagery  taken 
during  the  Summer  and  Fall  of  1972 . This  exercise 
showed  10 ,0 36  water-filled  lake  basins , which  by 
comparison  to  acreage  and  volumetric  fi gures 
(Schwiesow,  1965;  Grubb  and  Parks , 1968) , and  the 
high  lake  levels  of  1972 , indicates  over  500 ,000 
acre /feet  of  fresh  water  than  in  storage  (Reeves , 
1973a) . I might  add  that  certainly  450 ,000  acre/ 
feet  or  more  of  this  ponded  fresh  water  was  sub- 
sequently lost  by  evaporation,  and  this  in  an  area 
where  declining  ground  water  supplies  are  reducing 
farm  land  values  from  $ 700/acre  to  $12 5 /acre  . 

A cost/benefit  analysis  was  de termined  whereby 
the  time/cost  of  using  ERTS-1  imagery  (MSS  and  CCT) 
for  a lake  census  was  compared  to  the  time/cost 
factors  for  taking  such  a census  by  light  airplane , 
ground  survey,  and  by  us ing  conventional  aerial 
photographs  (Reeves , 1973b) . The  most  expensive 
method  of  conducting  the  survey,  at  about  $2.00 
square  mile , is  by  us ing  conventional  aerial  photo- 
graphy , but  the  use  of  ERTS-1  MSS  and  CCT  data 
results  in  a 200  to  66-fold  cost  reduction : $0.01 
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to  $0.03  square  mile,  respectively,  using  MSS  and 
CCT  data  (Table  4) . The  applicability  of  using 
ERTS-1  data  for  such  a lake  census  was  reported 
to  the  Texas  Water  Development  Board  and  the 
Panhandle  Regional  Planning  Commission,  The  TWDB 
is  now  working  on  the  recognition  and  practical 
applications  of  lake  basin  recognition  in  the  state 
by  use  of  ERTS-1  data. 

ERTS-1  imagery  cannot  only  be  used  to  count 
the  number  of  lakes,  but  when  magnified,  the  water 
areas  in  larger  lake  basins  can  be  accurately 
measured  and  monitored.  The  fluctuations  in  the 
water  levels  may  then  perhaps  be  related  to  the 
total  water  budget  in  the  area,  allowing  more 
accurate  runoff>  infiltration,  and  evapo-tran- 
spiration  pro jections . This,  of  course,  is  what 
we  are  attempting  to  do  at  our  test  sites. 
Unfortunately,  we  do  not,  as  yet,  have  correlations 
established  between  our  recorded  climatic  events 
and  the  observed  lake  levels;  however.  Table  5 
presents  the  measured  lake  levels  by  the  SRI  ESIAC, 
as  derived  from  MSS  imagery,  and  lake  depths  from 
ground  truth. 


PROBLEMS 

Other  than  loss  of  passes  due  to  inclement 
weather,  we've  found  ERTS-1  MSS  imagery  and  color 
composites  of  the  highest  quality.  Our  principal 
problems  have  not  been  due  to  hardware  but  to 
personnel.  Correlation  of  the  multidisciplinary 
study  has  been  troublesome,  and  field  vandalism 
involving  the  removal  of  300  lb  infiltrometers , 
the  removal  of  evaporation  pan  water  (by  range 
steers) , and  the  occupation  of  weather  instruments 
by  various  "critters"  has  been  exasperating. 

The  nature  of  the  test  site  has  also  presented 
some  difficulties.  The  larger  playa-type  lakes 
often  contain  only  inches  of  water,  but  the  water 
may  cover  thousands  of  acres,  Whereas  the  small 
type  playa  lake  basins  may  contain  several  feet  of 
water.  Evaporation  and  water  level  changes  there- 
fore tend  to  be  much  more  rapid  in  the  larger  type 
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Table  4 - Cost /bene fit  analysis  of  performing  a lake 
census  over  the  Southern  High  Plains,  Texas,  using 
a ground  survey  (automobile) , contract  aerial  photo- 
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scale  used  for  mapping  or  scale  of  images  or  CCT  data  most  workable 

labor  based  on  man  @ $1000/mth  or  $ SO /day  CPU  cost  about  $ 54/scene 
Printer  charge  20<l:/page  of  66  lines 

'frequency  does  not  allow  for  inclement  weather 
use  of  one  plane  only 
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Area  = 2 (count)  SA  - salt  crust  ND  = not  determinable 


playas.  For  example,  on  May  30,  1973,  the  Double 
Lakes  test  site  contained  7 1/2  inches  of  water, 
by  June  19  only  1.1  inch,  and  by  June  26  the  pi ay a 
was  dry.  However,  by  July  27,  the  pi ay a again 
contained  1.0  inch  of  water,  yet  the  only  imagery 
available  of  this  sequence  is  the  June  18  pass. 

It  is , there fore , inferred  that  a shorter  period 
for  satellite  imagery  would  be  of  greater  value, 
particularly  when  working  with  playa- type  lake 
budgets  and  meteorological  events  in  semi -arid  to 
arid  areas . 
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Paper  W 6 

WATER-MANAGEMENT  MODELS  IN  FLORIDA  FROM  ERTS-1  DATA 

Aaron  L.  Higer,  U,  S.  Geological  Survey,  Miami,  Florida;  Alfred  E.  Coker,  U.  S.  Geological  Survey,  Tampa, 
Florida;  and  Edwin  H.  Cordes,  U.  S.  Geological  Survey,  Miami,  Florida 


ABSTRACT 

A prototype  multiparameter  data  acquisition 
network,  installed  and  operated  by  the  U.S. 
Geological  Survey  is  a viable  approach  for 
obtaining  near  real-time  data  needed  to  solve 
hydrologic  problems  confronting  nearly  2.5 
million  residents  of  south  Florida.  Selected 
water  quantity  and  quality  data  obtained  from 
ground  stations  are  transmitted  for  relay  via 
ERTS-1  to  NASA  receiving  stations  in  virtual 
real  time.  This  data-relay  system  has  been 
very  reliable  and,  by  coupling  the  ground 
information  with  ERTS  imagery,  a modeling 
technique  is  available  for  water-resource 
management  in  south  Florida.  For  example, 
water  stage  is  correlated  with  water-surface 
areas  to  provide  water  stage-volume  relations 
in  near  real-time  for  management  decisions 
concerning  the  distribution  of  water  to 
people,  fauna,  and  flora  of  southern  Florida. 

An  overall  water-resource  model  will  be  gen- 
erated when  the  other  aspects  (stage^seepage, 
climate,  evapotranspiration,  water  control 
releases  to  salt  water,  etc.)  are  incorporated. 

An  ecological  model  has  been  designed  for  the 
Shark  River  Slough  in  Everglades  National  Park. 
This  model  uses  areal  measurements  of  water 
surface  from  ERTS  data  in  conjunction  with  an 
aquatic  animal  sampling  program  to  determine 
density  of  aquatic  animals  in  the  Shark  River 
Slough.  These  data  are  then  used  by  U.S, 
National  Park  Service  ornithologists  to  make 
decisions  for  regulation  of  water  during  the 
bird  rookery  season  in  Everglades  National 
Park. 
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INTRODUCTION 


The  objective  of  this  investigation  is  to  combine  the  use 
of  the  ERTS-1  Data  Collection  System  (DCS)  for  ground  truth- 
ing  the  multispectral  scanner  imagery  (MSS)  for  the  develop- 
ment of  two  prototype  operational  surface-water  models : 

(1)  Water  management  model  and  (2)  Ecological  model.  The 
final  product  will  be  determination  of  a water  budget 
(Figure  1)  for  the  Everglades  basin  (Figure  2) , Conservation 
Areas  1,  2,  and  3 and  Shark  River  Slough  (Figure  3).  The 
hydrologic  conditions  are  now  made  available  on  a daily  basis 
to  the  Federal  and  State  water  management  agencies  that  are 
responsible  for  management  of  water  within  the  Everglades.  A 
water  budget  will  be  produced  on  a near  real-time  basis  using 
a combination  of  the  ERTS-1  MSS  and  DCS  data.  Paulson  (1), 
Schumann  (2),  and  Cooper  (3)  applied  similar  techniques  to 
operational  systems  with  a DCS  capability;  Graybell  (4)  and 
Deutsch  (5)  used  MSS  to  determine  surface-water  distribution. 
Anderson  C6)  used  the  MSS  imagery  to  identify  and  map  vegeta- 
tive communities  within  wetlands.  Reeves  (7)  used  successive 
•J^'passes  of  ERTS  imagery  of  playa  lakes  in  the  Texas  High  Plains 
to  demonstrate  the  dynamics  of  surface-water  distribution 
f '■’^within  the  lakes.  However,  this  current  investigation  com- 
. bines  an  operational  ERTS  data  collection  system  with  the 
multispectral  scanner  data. 

5 ; WATER  MANAGEMENT  .MODEL 

The  water  supply  for  southeast  Florida,  with  a population 
>.'*•  of  2.5  million,  depends  upon  the  retention  of  water  in 
, four  major  impoundment  areas  (Figure  3):  (1)  Lake 

• "^Okeechobee,  (2)  Conservation  Area  No.  1,  (3)  Conservation 
CTArea  No.  2,  and  (4)  Conservation  Area  No.  3.  Shark  River 
Slough,  an  important  source  of  water  for  Everglades  National 
Park,  at  the  downstream  end  of  these  interconnected  water 
bodies,  also  depends  upon  overland  flow  from  adjoining 
Conservation  Area  No.  3.  An  accurate  accounting  of  the 
amount  of  water  in  surface  storage  is  difficult  because 
land-surface  profiles  are  not  available.  The  shallow  water 
depths  of  0.3  to  1.0  meter,  the  flat  terrain,  the  abundant 
vegetation,  and  the  vast  area  of  3,600  square  kilometers  in 
the  Everglades  preclude  the  feasibility  of  determining 
accurate  volumes  by  standard  methods.  In  the  Conservation 
Areas  and  the  Shark  River  Slough,  the  water  does  not  pond 
in  the  usual  manner,  but  slowly  flows  over  the  gently  slop- 
ing land  surface. 

Several  water  budget  studies  for  the  conservation  areas 
are  underway  by  Federal  (U.S.  Corps  of  Engineers)  and  State 
water-management  agencies  (Central  and  Southern  Florida 
Flood  Control  District).  Elements  that  need  more  accurate 
definition  in  the  existing  water  budget  studies  are  rainfall, 
evapotranspiration,  seepage  losses  and  surface  storage. 
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The  ERTS  water  management  model  uses  the  DCS  to  provide 
quantative  in  situ  data  on  the  elevation  of  the  water  surface 
(Figure  4)  and  MSS  data  to  provide  information  on  the  areal 
extent  of  the  water  surface.  Knowing  the  relation  between 
the  surface-water  area  and  surface  elevation  for  the  range  of 
water  levels,  the  storage  can  then  be  calculated  (Figure  5) . 
Additionally,  knowing  the  change  in  storage  and  the  surface 
inflow  and  outflow  (input  and  output)  from  the  system  it  is 
possible  to  calculate  evapotranspiration  and  seepage  (Figure  6). 

At  present  the  DCS  data  are  transmitted  from  the  Everglades 
stations  (Figures  7 and  8)  to  the  satellite  and  relayed  to  the 
two  ground  tracking  stations  at  Goddard  Space  Flight  Center 
(GSFC) , Greenbelt,  Md,  and  Goldstone,  Calif.  The  data  are 
then  transmitted  by  teletype  from  GSFC,  Greenbelt,  Md. 

(Figure  9)  to  the  Miami  Office  of  the  U.S.  Geological  Survey. 

The  perforated  teletype  tape  is  then  processed  daily  through 
a mini-computer  (Figure  10)  to  convert  the  data  to  engineer- 
ing units  and  place  it  into  a format  that  has  been  requested 
by  the  Corps  of  Engineers.  The  data  are  then  transmitted  to 
the  Corps  of  Engineers  in  Jacksonville,  Florida  by  telecopier. 
The  time  required  for  the  transmission  of  data  from  the  Ever- 
glades via  the  satellite,  the  NASA  tracking  stations,  and  the 
U.S.  Geological  Survey  to  the  Corps  of  Engineers  is  less  than 
2 hours . 

ERTS  multispectral  imagery  of  Florida  is  obtained  every  18 
days  from  an  altitude  of  approximately  900  kilometers.  This 
data  is  transmitted  from  the  satellite  to  Goddard  Space  Flight 
Center  or  Goldstone  Tracking  Station  in  digital  format.  The 
digital  tapes  are  then  mailed  to  the  Miami  Office  of  the  U.S. 
Geological  Survey.  Several  systems  have  been  used  to  extract 
spectral  information  from  these  tapes  to  construct  thematic 
maps.  Electronic  processing  of  the  ERTS  MSS  data  has  been 
accomplished  using  the  computer  facilities  of  GE  Corporation, 
Stanford  Research  Institute,  Bendix,  and  IBM  Corporation  to 
produce  different  types  of  maps  by  computer. 

The  DCS  part  of  the  model  is  operational.  However,  the  imagery 
part  of  the  program  is  not  yet  operational  because  imagery 
data  are  not  received  from  NASA  on  a near  real-time  basis 
(approximately  8 weeks  after  an  ERTS  pass)  and  the  processing 
time  (Figure  4)  may  take  up  to  a week  per  frame.  Between 
February  14  and  March  22,  1973  three  successive  sets  of  the 
ERTS-MSS  data  were  combined  with  existing  ground- truth  data 
(Figures  11,  12,  and  13)  and  the  DCS  data  for  Conservation 
Area  1.  During  this  period  the  water  levels  were  dropping 
(Figure  14).  For  February  14  through  March  22  the  evapotran- 
spiration and  seepage,  surface  water  distribution,  and  storage 
were  for  the  Conservation  Area  I (Figures  5 and  6) . This 
trial  run  indicated  that  an  operational  water-management  model 
for  the  Everglades  basin  is  feasible. 
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ECOLOGICAL  MODEL 


Thousands  o£  years  of  seasonally  fluctuating  water  supply, 
punctuated  periodically  with  drought  or  unseasonally  heavy 
rain,  resulted  in  a natural  balance  of  plant  and  animal 
communities.  Water  fluctuations,  along  with  fires  and 
hurricanes,  contributed  to  the  shaping  of  the  ecological 
communities,  i.e.,  the  tree  islands  Ccomposed  of  woody 
vegetation)  and  grassland  communities  (wet  prairies  and 
sawgrass  marshes).  However,  this  natural  ecological  balance 
is  now  influenced  by  a modified  water  regime,  altered  by 
water  control  within  the  Kissimmee-Okeechobee-Everglades 
watershed  for  flood  control,  crop  irrigation,  and  coastal 
urban  use.  The  Central  and  Southern  Florida  Flood  Control 
District  manages  this  watershed  that  contains  more  than 
22,500  kilometers  of  canals  and  levees. 

An  effect  of  water  deficiencies  in  Everglades  National  Park 
is  the  failure  of  wood  storks  (Figure  14)  to  form  rookeries. 
Wood  storks  nest  in  winter  at  the  inner  edge  of  the  mangrove 
belt  in  the  park  (south  Dale  and  north  Monroe  Counties). 
According  to  John  Ogden,  Ornithologist,  U.S.  National  Park 
Service  (oral  commun. , 1973)  , the  wood  storks  were  success- 
ful in  1959,  1960,  and  1961,  but  failed  for  five  successive 
years  (1962-66),  when  low  rainfall  in  south  Florida  resulted 
in  prolonged  drought  in  the  park. 

The  success  or  failure  of  wood  stork  rookeries  is  a signi- 
ficant index  of  hydrologic  conditions  in  the  park.  Wood 
stork  studies  in  Everglades  National  Park  by  Kushlan  (8) 
suggested  a working  hypothesis  for  establishing  the  water 
conditions  of  Shark  River  Slough,  the  largest  fresh-water 
course  in  the  park,  needed  for  successful  formation  of 
these  rookeries.  A prediction  of  success  or  failure  of 
the  rookeries  at  the  inner  edge  of  the  mangrove  belt  could 
be  made  in  November  of  each  year  with  the  assistance  of 
processed  ERTS  data.  November  marks  the  beginning  of  the 
dry  season  and  precedes  the  height  of  rookery  formation  by 
approximately  2 months.  The  prediction  can  be  based  on 
recorded  water-level  measurements  together  with  a synoptic 
view  of  the  spatial  distribution  of  surface  water  and  on 
the  density  of  small  aquatic  animals  collected  in  quantita- 
tive traps  (Higer,  9) . 
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The  ecological  model  is  designed  to  relate  the  wildlife  in 
the  Shark  River  Slough  to  the  availability  of  food  and 
water.  In  an  ongoing  study  with  the  National  Park  Service 
over  50,000  aquatic  animals  have  been  trapped  (Kolipinski, 
10).  The  species  numbers  and  hydrologic  data  are  entered 
into  a digital  computer  program  that  provides  statistical 
summaries  of  species  distributions  and  water  depths  at 
point  locations  in  the  slough.  Time-variant  synoptic  dis- 
plays using  ERTS-MSS  imagery  taken  concurrently  with  stage 
and  rainfall  data  presently  being  collected  from  DCS  may 
provide  the  following  information  to  develop  an  ecological 
model  (Figure  16) : 

1.  Knowledge  of  the  quantity  of  water  stored  in  the 
slough. 

2.  Knowledge  of  the  spatial  distribution  of  water 
(Figure  17)  in  the  slough  as  it  relates  to  available  food 
for  the  bird  rookeries. 

3 . Quantitative  hydrologic  data  that  allow  management 
to  know  where  and  when  to  increase  water  into  the  slough 
from  the  upstream  water  storage  areas. 

4.  Ability  to  predict  the  number  of  aquatic  animals 
in  the  slough  and  the  success  or  failure  of  the  rookeries, 
dependent  on  the  hydrologic  regime. 

DISCUSSION 

The  importance  of  the  space-relayed  data  can  be  shown  by  a 
comparison  of  the  accuracy  and  frequency  of  that  data  re- 
ceived through  the  Miami  USGS  teletype  with  data  from  the 
existing  remote  radio  transmission  systems  in  southern 
Florida.  The  great  "line  of  sight"  distances  involved,  in 
the  radio  transmitted  systems  often  provides  rare  and 
garbled  data  messages.  The  frequent  meteorologic  disturb- 
ances in  southern  Florida  prevent  the  transmission  of  the 
accurate  synoptic  information  on  rainfall  and  water  stage 
that  is  essential  in  managing  the  water  for  optimum  values 
of  conservation.  ERTS-1  has  been  providing  the  USGS  with 
5 transmissions  per  day  of  these  parameters  and  an  oppor- 
tunity to  service  faulty  platform  recorders  within  24  hours. 
This  enhances  the  opportunity  for  a constant  flow  of  infor- 
mation and  makes  it  possible  for  the  U.S.  Corps  of  Engineers 
to  make  daily  decisions  to  optimize  its  water-control  policy 
to  conserve  a greater  proportion  of  the  seasonally  deficient 
water  resource. 
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Sufficient  water  must  be  maintained  in  the  Shark  River 
Slough  of  the  Everglades  National  Park  to  preserve  the 
aquatic  community  and  the  several  bird  and  mammal  species 
which  feed  primarily  on  fish.  The  amount  and  time  of 
water  releases  to  the  park  is  a management  reaction 
decision  based  on  very  limited  information  on  the  water 
storage  that  may  be  available  to  the  north  of  the  Park. 
Small  scale  thematic  maps  of  water  levels  provide  an 
accurate  evaluation  of  water  distribution.  A gradual 
reduction  of  water  levels  prior  to  bird  rookery  formation, 
would  result  in  the  concentration  of  fish  in  the  Shark 
River  Slough  that  may  ensure  adequate  food  for  successful 
hatches  of  several  rare  and  endangered  bird  species 
(Kushlan,  8) . 
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FIGURE  1.  Schematic  diagram  of  a water  budget  for 
the  Everglades  water  basin. 
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Figure  2.  Photo  mosaic  of  Florida,  compiled  from  sixteen  ERTS-1  images  between  October 
1972-April  1973  of  band  7 of  the  multispectral  scanner.  The  delineated  area  is 
the  Everglades  water  basin. 


Figure  3.  An  ERTS-1  multispectral  image,  band  7,  March  22,  1973,  NASA, 

E- 1242- 15240,  of  south  Florida.  The  areas  outlined  are:  Conservation 
Area  1,  Conservation  Area  2,  Conservation  Area  3,  Shark  River  Slough, 
and  Lake  Okkehobee  (southern  end  can  be  seen  in  photo). 
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FIGURE  4.  A schematic  of  the  proposed  system  of  parameters 
that  are  being  connected  to  data  collection 
platforms  in  the  water  management  areas  in 
Florida.  The  sample  and  hold  memory  system 
developed  by  the  USGS-EROS  Program  will  allow 
between  18  and  24  hours  of  data  daily  to  be 
collected  of  the  needed  parameters  to  complete 
a water  quality  and  quantity  budget. 
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FIGURE  5.  Schematic  o£  the  application  of  using  space- 

relayed  data  to  calculate  surface  water  storage. 
ERTS  data  of  three  successive  passes  on  February 
14,  March  4,  and  March  22,  1973  of  Conservation 
Area  I were  used  to  demonstrate  the  feasibility 
of  this  method  of  determining  surface  water 
storage. 
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FIGURE  6.  Schematic  of  the  application  of  using  space- 
relayed  data  to  calculate  evapotranspiration 
and  seepage.  ERTS  data  of  three  successive 
passes  on  February  14,  March  4,  and  March  22, 
1973  of  Conservation  Area  I were  used  to 
demonstrate  the  feasibility  of  this  method 
of  determining  evapotranspiration  and  seepage. 
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Figure  7.  Data  collection  platform  in  the  Shark  River  Slough,  Everglades 
National  Park.  These  stations  collect  and  transmit  water  level 
and  rainfall  data  for  relay  by  ERTS-1. 
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EVERGLADES 
NATIONAL  PARK 


Figure  8.  Schematic  diagram  of  the  Everglades  basin  showing  relative  locations 
of  the  data  collection  platforms  (DCP)  within  the  three  conservation 
areas  and  the  Shark  River  Slough. 
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FIGURE  9.  Data  are  transmitted  from  the  Data  Collection 
Platforms  in  the  Everglades  (A)  via  ERTS-1 
to  NASA  tracking  stations  at  Golds tone,  Calif, 
and  GSFC,  Greenbelt,  Md.  (B) . The  data  are 
then  transmitted,  via  NASA  communications  net- 
work, to  the  Miami  Office  of  USGS  (C) . 
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Location  of  ground  truth  stations  used  in  the  evaluation  of  the 
February  4,  March  22,  1973  MSS  data  for  Conservation  Area  1. 
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Figure  14.  Hydrographs  compiled  from  data  relayed  from  three  DCP’s  in  Conserva- 
tion Area  I,  February  14-Mareh  22,  1973.  During  this  period  there 
were  three  passes  of  ERTS-1  to  collect  MSS  data  of  Conservation  Area  I. 


Figure  15.  Wood  storks  feeding  on  small  aquatic  animals  in  shallow  ponded  waters. 
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Schematic  representing  the  general  concept  of  the  ecological  model. 
The  interrelation  of  surface  water  distribution  and  water  level,  the 
amount  of  small  aquatic  animals  available  and  the  wood  stork 
depended  on  both  the  hydrologic  conditions  and  the  availability  of 
food  in  order  to  form  successful  rookeries. 


Figure  17.  Schematic  indicating  how  the  construction  or  the  DCS  data  and 
MSS  data  are  used  to  determine  quantity  of  water  distributed  in 
the  Shark  River  Slough. 


Paper  W 7 


MEASURING  WATERSHED  RUNOFF  CAPABILITY  WITH  ERTS  DATA 

Bruce  J.  Blanchard,  (USDA-ARS),  Ch/ckasha,  Oklahoma 


ABSTRACT 

Parameters  of  most  equations  used  to  predict  runoff  from  an  ungaged 
area  are  based  on  characteristics  of  the  watershed  and  subject  to  the 
biases  of  a hydrologist • Digital  multispectral  scanner,  MSS,  data 
from  ERTS  was  reduced  with  the  aid  of  computer  programs  and  a Dicomed 
display*  Multivariate  analyses  of  the  MSS  data  indicate  that  discri- 
mination between  watersheds  with  different  runoff  capabilities  is 
possible  using  ERTS  data.  Differences  between  two  visible  bands  of 
MSS  data  can  be  used  to  more  accurately  evaluate  the  parameters  than 
present  subjective  methods,  thus  reducing  construction  cost  due  to 
overdesign  of  flood  detention  structures. 

INTRODUCTION 

Reliable  projections  of  the  quantity  and  rate  of  runoff  from  the  surface  of  the 
land  into  rivers  and  streams  are  difficult  to  obtain  for  ungaged  watersheds. 
However,  this  information  is  needed  in  the  design  of  any  structure  located  in 
the  vicinity  of  a water  course;  for  example,  the  storage  capacity  of  municipal 
water  supplies  and  flood  detention  structures.  When  projections  of  runoff  are 
questionable,  the  storage  capacity  of  such  structures  is  quite  often  over- 
deslghed.  Overdesign  not  only  increases  construction  costs,  but  can  lead  to 
significant  salinization  of  water  stored  where  high  evaporation  rates  exist. 

■I 

Examples  of  overdesign  are  frequently  observed  throughout  the  Greht  Plains. 

In  the  central  reach  of  the  Washita  River  basin,  a water  supply  reservoir  for 
the  city  of  Chickasha  was  completed  in  1958.  The  history  of  runoff  into  this 
structure  for  the  past  15  years  shows  that  the  anticipated  runoff  exceeded  the 
observed  by  several  times.  As  a result  of  the  overdesign  and  other  related 
problems,  the  salinity  of  the  stored  water  has  increased  sufficiently  to  pre- 
clude use  as  a municipal  water  supply  and  even  sometimes  as  an  irrigation  source. 

In  an  adjacent  watershed.  Sugar  Creek,  a study  of  the  response  of  a large  number 
of  flood  detention  structures  to  a large  storm  on  September  19-20,  1965  shows 
that  the  inflow  was  only  about  one-half  that  expected. 

The  quantities  and  rates  of  runoff  that  are  used  to  design  structures  such  as 
these  are  estimated  from  various  types  of  watershed  runoff  models.  These  models 
are  mathematical  equations,  generally  of  an  empirical  form,  based  on  the  drainage 
area,  topography,  soil  and  cover  of  the  subject  watershed.  Usually,  parameters 
of  these  models  represent  drainage  area  and  surface  conditions  prevailing  at  the 
time  of  a rainfall  event.  The  integrated  influence  of  these  characteristics 
combined  with  measurable  climatological  parameters  (rainfall,  antecedent  moisture, 
rainfall  intensity,  etc.)  can  produce  reasonable  estimates  of  storm  runoff. 

Efforts  have  been  made  to  quantify  the  integrated  influence  of  soils,  cover  and 
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surface  roughness.  However,  at  the  present  time,  no  objective  means  exists  for 
estimating  this  influence.  Present  methods  for  estimating  this  influence  are 
tedious,  expensive  and  subject  to  judgment  of  the  hydrologist. 

The  problem  of  subjectivity  associated  with  present  methods  that  are  used  to 
derive  coefficients  of  runoff  equations  may  be  circumvented  by  applying  digitized 
data  obtained  from  ERTS.  Even  though  hydrologic  analysis  based  on  photographic 
data  obtained  from  ERTS  suffers  from  the  same  subjectivity  as  do  the  existing 
methods,  data  obtained  from  the  multispectral  scanner,  MSS,  on  board  the  satellite 
can  provide  digital  data  that  can  be  incorporated  into  mathematical  equations. 

This  type  data  is  less  subjectively  biased  than  are  the  other  types  of  data. 

The  ERTS  multispectral  data  is  also  superior  to  aerial  digital  data  collected 
prior  to  ERTS  because  the  relatively  constant  sun  angle  within  an  ERTS  frame,  caused 
by  the  satellite’s  sun  synchronous  orbit,  eliminates  many  of  the  problems  in  com- 
paring the  spectral  reflectance  from  watershed  surfaces.  The  ERTS  data  has 
additional  advantages  in  that  there  is  sufficient  spatial  resolution  to  allow  the 
identification  of  the  smallest  watersheds  of  practical  interest  and  yet  the  number 
of  data  points  depicting  a large  watershed  are  reduced  to  a manageable  number. 

DATA  REDUCTION 

The  study  site  for  this  experiment  is  part  of  an  ongoing  hydrologic  study  within 
the  Washita  River  basin  in  central  Oklahoma.  The  drainage  area  in  the  study  reach 
is  1,130  square  miles  and  contains  the  20  watersheds,  ranging  in  drainage  area 
from  20  acres  to  over  200  square  miles,  which  were  selected  for  study.  The  20 
watersheds  were  divided  into  2 groups  of  10  watersheds  each  with  the  distribution 
of  drainage  areas  as  near  equal  as  possible  in  each  group.  Group  I watersheds 
were  used  to  distinguish  and  develop  a relationship  between  the  coefficients  of 
a runoff  equation  and  MSS  data.  Group  II  watersheds  were  set  aside  for  verification 

The  rainfall-runoff  model  (equation)  selected  for  evaluation  is  the  one  developed 
by  the  Soil  Conservation  Service  of  the  USDA.  The  equation  is: 


- (P  - »2S)2 
P + .8S 


in  which  S = - 10 

Q is  the  inches  of  runoff 
P is  the  inches  of  rainfall 
CN  is  the  curve  number,  a dimensionless  coefficient* 

The  coefficient  (CN)  is  normally  derived  from  soil,  cover  and  slope  data  repre- 
senting the  hydrologic  condition  of  the  watershed  surface  for  ungaged  watersheds. 
The  value  of  the  coefficient  can  be  calculated  directly  from  rainfall  and  runoff 
data  if  the  watershed  is  gaged.  The  basic  objective  of  this  study  is  to  see  if 
the  value  of  the  coefficient  calculated  using  the  MSS  data  is  closer  to  the 
observed  value  than  is  the  value  estimated  from  the  soils,  cover  and  slope  data. 

Rainfall  and  runoff  data  for  the  20  watersheds  were  used  to  calculate  values  of 
the  coefficients  (CN)  for  each  watershed.  The  period  of  record,  1962-1972, 
depicts  below-average  rainfall  and  dry  antecedent  conditions.  Calculated  values 
of  the  coefficients  for  the  watersheds  range  from  53.6  to  77.4. 
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Multispectral  data  for  the  watershed  areas  were  obtained  from  the  ERTS  scaimer 
for  five  passes  (scenes)  of  the  study  area.  Each  scene  represented  major  changes 
in  soil  moisture  and  vegetative  conditions.  The  first  scene,  dated  Septmber  19, 
1972,  shows  a dry  dormant  condition  with  almost  no  ground  cover.  The  second 
scene,  dated  October  25,  1972,  provides  data  with  essentially  the  same  ground 
cover,  but  extremely  wet  conditions.  The  third  scene,  dated  January  23,  1973, 
showed  minor  growth  in  winter  wheat  fields  and  wet  conditions.  The  last  two 
scenes,  dated  April  5,  1973  and  April  23,  1973,  both  showed  substantial  ground 
cover  for  crops,  pastures,  and  timber.  One  of  the  growing  season  scenes  was 
extremely  wet  and  one  moderately  dry.  All  scenes  were  essentially  free  of  clouds. 

The  MSS  data  from  ERTS  were  obtained  in  the  form  of  sequential  and  adjoining  tapes 
that  were  laced  together  with  the  aid  of  a computer  program,  forming  a single  file 
for  each  watershed  area.  Due  to  the  nature  of  the  problem,  it  is  very  important 
to  keep  the  relative  position  of  the  pixels  correct  and  to  be  able  to  accurately 
define  its  location  within  a watershed.  Without  this,  coordination  of  ground  truth 
and  spectral  response  would  be  impossible.  Since  the  methods  used  to  display  the 
MSS  data  present  a distorted  image,  the  maps  used  for  coordination  purposes  were 
digitized  so  that  they  could  be  replotted  in  the  same  image  as  the  MSS  data. 

Data  sets  for  the  larger  watersheds  were  obtained  by  displaying  the  entire  ERTS 
frame  for  the  area  of  interest  on  a Dicomed  display.  The  portion  representing 
the  watershed  was  isolated  using  the  distorted  maps  and  a computer  program.  The 
computer  program  represents  the  watershed  boundary  by  a series  of  parallelograms. 
About  20  parallelograms  seem  to  be  enough  to  adequately  define  the  watershed 
boundaries  (Fig.  1). 

Data  sets  for  the  small  watersheds  were  more  easily  obtained  by  displaying  the 
ERTS  data  on  computer  printout  and  overlaying  it  with  the  distorted  maps.  In 
all  cases,  ponds  and  channels  aid  significantly  in  locating  specific  points  on 
the  MSS  data  maps.  Since  stream  channels  are  rather  difficult  to  locate  in  grass- 
land areas,  a study  of  the  ERTS  data  showed  that  MSS  band  5 resolved  the  stream 
channels  and  ponds  sufficiently  well  to  position  the  overlay.  However,  during 
the  growing  season,  (MSS  band  4 + I^S  band  5) /MSS  band  6 enhanced  the  resolution 
of  the  stream  channels.  Although  cumbersome,  the  system  described  for  small 
watersheds  will  also  work  for  larger  watersheds  if  a display  system  is  not 
available. 

ANALYSIS  OF  REDtJGED  DATA 

Since  the  objective  of  this  study  is  to  see  if  MSS  data  can  be  used  to  calculate 
parameters  of  a runoff  equation,  several  means  of  relating  the  two  data  sets  were 
analyzed.  Discriminant  analysis,  which  can  be  used  to  study  group  similarity  or 
difference  and  relate  this  to  group  descriptors,  was  used  to  examine  the  MSS  data 
of  the  watersheds  having  extreme  differences  in  observed  runoff  coefficients. 

Using  a modified  multiple  discriminant  analysis  program  (Cooley  and  Lohnes,  1962), 
good  discrimination  was  observed  between  these  watersheds  when  MSS  bands  4,  5,  and 
7 were  used  in  the  linear  discriminant  function.  The  good  discrimination  was  found 
only  in  the  dry  doanaant  scene,  however  the  same  bands  also  produced  the  best 
discrimination  in  other  scenes. 
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Multiple  discriminant  analyses  considering  each  of  the  10  developmental  watersheds 
as  an  independent  group  showed  very  significant  group  discrimination.  However, 
the  discrimination  did  not  appear  to  he  related  to  the  runoff  coefficients. 
Alternatively,  plots  of  the  mean  value  for  each  band  vs.  the  observed  runoff 
coefficient  were  made.  Since  it  appeared  that  there  might  be  a relationship,  all 
possible  combinations  of  the  means  were  plotted.  Two  promising  relationships 
were  evident.  The  mean  of  MSS  band  5 (p^)  minus  the  mean  of  band  4 (p^)  is 
reasonably  well  related  to  the  runoff  coefficients  for  the  watersheds  in  Group  I 
(Fig.  2)  . This  relationship  is  most  evident  in  the  dry  dormant  scene.  The  com- 
bination U5  + 1^5  ""  (Pa  + 2py)  produces  a more  consistent  relationship  when  all 
five  scenes  are  considered. 

Both  of  these  relationships  were  verified  on  the  10  Group  II  watersheds,  (Figs.  3 
and  4) . It  does  not  appear  that  the  equation  using  four  bands  significantly 
improves  the  two-band  relation  during  the  dry  dormant  scene. 

In  the  introduction  it  was  mentioned  that  runoff  from  a large  ntimber  of  flood 
detention  structures  on  Sugar  Creek  was  only  about  one-half  what  was  expected. 
Figure  5 shows  a comparison  between  the  expected  values  of  the  coefficients  and 
the  observed  values.  A comparison  of  figures  2 and  5 shows  that  there  is  con- 
siderably less  variation  in  the  relationship  between  the  MSS  data  and  the  curve 
numbers  than  there  is  between  the  estimated  curve  numbers  and  the  observed  curve 
numbers.  Predicted  coefficients  for  watersheds  in  the  test  group  (Fig.  3)  have 
an  average  deviation  of  3.86  from  the  measured  coefficients.  Manually  calculated 
coefficients  (Fig.  5)  have  an  average  deviation  of  24.08  from  the  measured 
coefficients.  The  expected  curve  numbers  were  calculated  subjectively  from  soils, 
cover,  and  topographic  data.  Thus,  it  would  appear  that  it  may  be  possible  to 
use  MSS  data  to  estimate  realistic  values  for  the  curve  numbers.  It  may  be  that 
coefficients  of  other  runoff  models  could  be  predicted  equally  well. 

APPLICATION 

The  benefit  of  techniques  developed  in  this  study  is  probably  far  greater  than  we 
can  presently  estimate.  If  the  relationships  found  in  this  study  can  be  applied 
to  Impoundment  design  in  the  Great  Plains  area,  construction  costs  can  be  reduced 
and  the  quality  of  impounded  waters  can  be  better  protected  for  municipal  and 
other  uses.  In  fact,  the  improved  quality  of  the  water  may  eventually  become  the 
primary  consideration  in  the  southern  and  western  Great  Plains. 

Two  major  impoundments  in  the  Washita  River  basin  built  in  1958  as  multipurpose 
structures  were  seriously  overdesigned.  The  net  result  was  evaporation  of 
marginally  saline  waters  until  the  water  supply  was  not  considered  suitable  for 
municipal  use.  At  Foss  Reservoir  in  Oklahoma,  the  U.  S.  Government  has  started 
construction  of  a multimillion  dollar  desalinization  plant  to  recover  the  water 
supply.  At  Lake  Chickasha,  built  as  a water  supply  for  Chickasha,  Oklahoma, 
salinization  of  the  Impounded  waters  has  precluded  its  use  as  a municipal  supply. 
With  more  accurate  runoff  prediction  techniques  at  the  disposal  of  consulting 
engineers,  it  is  unlikely  that  either  structure  would  exist  in  its  present  form. 

Coefficients  of  the  runoff  equation  developed  from  MSS  data  and  shown  in  figures 
3 and  4 for  the  verification  watersheds,  more  closely  approximate  the  observed 
values  of  the  coefficients  than  do  those  calculated  from  watershed  characteristics 
(see  figure  5 for  Sugar  Creek).  Overprediction  of  runoff  that  resulted  from  using 
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the  coefficients  in  figure  5 caused  design  of  structures  with  about  twice  the 
storage  capacity  necessary  to  contain  the  design  storm  runoff.  Consexryatively, 
more  than  10  percent  of  the  construction  costs  of  these  structures  could  have 
been  saved  if  a better  runoff  estimate  had  been  available. 

Present  soaring  construction  costs  are  limiting  construction  of  approved  flood 
detention  structures,  thus  it  is  essential  that  the  costly  overdesign  be  avoided. 
This  is  best  accomplished  by  obtaining  accurate  runoff  estimates.  Construction 
costs  of  the  Soil  Conservation  Service’s  program  alone  approaches  50  million 
dollars  a year  on  a national  scale.  A saving  of  only  5 percent  of  construction 
costs  (2.5  million  dollars)  warrants  continued  and  expanded  effort  in  the  appli- 
cation of  remote  sensing  techniques  td  the  design  of  impoui^ 
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Figure  1.  Display  of  MSS5  Data  for  Watershed  512 
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FIGURE  2,  RUNOFF  COEFFICIENTS  (CN)  VERSUS  DIFFERENCE 
BETWEEN  MEANS  FOR  MSS  5 AND  MSS  A 
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FIGURE  5.  COMPARISON  OF  DESIGN  AND  OBSERVED 

COEFFICIENTS 
(SUGAR  CREEK  WATERSHED) 
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AN  EVALUATION  OF  THE  ERTS  DATA  COLLECTION  SYSTEM  AS  A POTENTIAL 
OPERATIONAL  TOOL 

K\char6'^.9^uhon,U,S,  Geological  Survey,  Hamburg,  Pennsylvania 


ABSTRACT 


The  Earth  Resources  Technology  Satellite  (ERTS) 
Data  Cpllection  System  (DCS)  ha^  been  shown  to 
be,  from  the  users  vantage  point,  a reliable  and 
simple  system  for  collecting  data  from  U.S.  Geo- 
logical Survey  operational  field  instrumentation. 
It  is  technically  feasible  to  expand  the  ERTS 
system  into  an  operational  polar-orbiting  data- 
collection’ system  to  gather  data  from  the  Geolog- 
ical Survey's  Hydrologic  Data  Network.  This 
could  permit  more  efficient  internal  management 
of  the  Network/  and  could  enable  the  Geological 
Survey  to  make  data  available  to  cooperating 
agencies  in  near-real  time*  The  Geological 
Survey  is  conducting  an  analysis  of  the  costs  and 
benefits  of  satellite  data-relay  systems. 


•a* 


INTRODUCTION 

The  Data  Collection  System  (DCS)  aboard  the  Earth  Resources 
Technology  Satellite  (ERTS-1)  is  being  evaluated  as  a 
potential  operational  system  for  collecting  hydrologic  data 
from  unattended  field  instrumentation.  The  evaluation/ 
which  is  being  conducted  by  the  National  Aeronautics  and 
Space  Administration  (NASA) / the  Earth  Resources  Observation 
System  (EROS)  Program  of  the  U.S.  Department  of  the  Interior, 
and  the  U . S . Geological  Survey , indicates  that  it  is  techni- 
cally feasible  to  use  earth-orbiting  satellites  as  vehicles 
for  collecting  data  from  field  instruments  and  that  there  is 
potential  application  for  operational  satellite  data-relay 
systems. 

This  report  coh^ins  quantitative  measures  of  DCS  performance; 
the  results  of  a*^"digital  computer  simulation  for  estimating 
the  potential  of  the  system;  and  a discussion  of  the  estimated 
size,  characteristics/  and  capacity  of  an  operational  polar- 
orbiting  satellite  data-relay  system  that  could  be  integrated 
with  U.S.  Geological  Survey  field  operations. 
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OPERATIONAL  DCS  PERFORMANCE 


The  ERTS  DCS  is  a communications  system  that  consists  of 
three  elements . The  elements  are  a small  low-powered 
battery-operated  radio  transmitter / which  is  called  a Data 
Collection  Platform  (DCP) / a radio  transponder  aboard  the 
ERTS  satellite  , and  ground-receive  sites . The  polar-orbit- 
ing ERTS  makes  about  14  orbits  of  the  earth  daily , and  can 
relay  data  from  a DCP  to  a ground-receive  site  whenever  both 
are  mutually  visible  from  ERTS,  which  occurs  during  a brief 
period  on  each  of  several  of  the  orbits.  The  DCP  transmits 
a brief  data  message  of  0.04  seconds  duration  once  every  90 
or  180  seconds  and  can  communicate  with  the  satellite  during 
several  mutual  visibility  periods  daily.  The  number  of 
mutual  visibility  periods  is  primarily  a function  of  geograph- 
ical position  and  local  terrain  interference . Two  ground- 
receive  sites,  at  the  Goddard  Space  Flight  Center  in 
Greenbelt,  Maryland,  and  at  Go Id stone,  California,  provide 
good  coverage  for  the  contiguous  48  states.  They  allow  data 
from  continental  American  DCP * s to  be  relayed  on  3 to  7 daily 
orbits  during  mutual  visibility  periods  lasting  12-14  minutes 
per  orbit.  For  more  information  about  the  ERTS  design  and 
orbital  characteristics,  the  reader  is  referred  to  the  "ERTS 
Data  Users  Handbook".  Painter  and  Seitner  (1973)  provide  an 
excellent  and  concise  summary  of  overall  Data  Collection 
System  performance. 

The  Geological  Survey  has  interfaced  DCP * s with  a number  of 
water-resources  instruments  such  as  stream  gages,  water- 
quality  monitors  and  ground-water  observation  wells  (Paulson 
1973),  precipitation  and  water-stage  recorders  (Higer  - Oral 
communications) , meteorological  recorders  and  snow  pillows 
(Schumann  - Oral  communications) , and  geologic  instruments 
such  as  microseismic  recorders  and  tiltimeters  (Ward  et  al 
1973)  . 

Perhaps  the  most  elementary  instrument  to  be  interfaced  with 
a DCP  is  the  digital  water-stage  recorder.  Because  of  the 
sheer  number  of  digital  water-stage  recorders  in  operation, 
it  is  worthwhile  to  examine  the  interfacing  of  the  DCP  to 
this  recorder . The  Geological  Survey  has  nearly  18,000 
stream-gaging  stations , of  which  approximately  10 ,000  have 
digital  water-stage  recorders.  Briefly  described,  the 
recorder  continuously  monitors  stream  stage  via  linkage  to  a 
float  in  a stream-connected  stilling  well.  Periodically,  at 
15-  30-  or  60-minute  intervals , the  recorder  punches  the  real- 
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time  stage  value  on  a 16- channel  paper  tape-- a machine- 
readable  record.  When  the  recorder  is  interfaced  with  a 
DCP , the  most  recently  punched  stage  value  is  retained  in 
a 16-bit  memory  in  the  recorder.  This  is  the  value  made 
available  for  the  DCP  data  burst  which  is  transmitted  at 
180  second  intervals.  Thus,  the  DCP  transmits  the  most 
recently  punched  stage  value  until  it  is  updated  by  a new 
punched  value.  Pigure  1 is  a computer  summary  of  the 
number  of  times  particular  hourly  values  were  relayed  for 
one  DCP  during  the  18-day  period  from  day  152  to  day  169 , 
1973.  The  pattern  is  closely  paralleled  by  preceding  and 
subsequent  18-day  periods.  There  are  two  periods  during 
each  day  when  ERTS  mutual  visibility  periods  occur,  approx- 
imately from  24000  to  0400  and  1330  to  1800  Greenwich  Mean 
Time . As  there  may  be  3 or  4 DCP  transmissions  relayed 
during  one  mutual  visibility  period,  a particular  value 
may  be  relayed  several  times. 

At  present,  the  water-stage  value  is  encoded  in  the  first 
16  bits  of  the  6 4 -bit  DCF  data  message,  and  the  remaining 
48  bits  are  left  at  zero.  A data-s torage-and-interf ace 
device,  being  developed  by  the  EROS  program,  will  contain 
a shift  register  that  will  enable  the  3 antecedent  stage 
values  as  well  as  the  real-time  value  to  be  encoded  in  the 
16 -bit  data  message.  This  will  help  to  make  full  use  of 
the  capacity  of  the  DCS. 

Figure  2 is  the  result  of  a computer  simulation  of  the 
number  of  times  each  hourly  value  could  have  been  relayed 
from  DCP  ID  6115  during  the  period  summarized  in  Figure  1. 

It  can  be  seen  that  about  half  the  hourly  values  could 
have  been  relayed  at  least  once,  a few  of  them  8 or  9 times. 
The  data-s torage-and-interf ace  device  will  have  the  capacity 
to  store  several  sets  of  64  bits  in  its  memory  and  cycle 
them  to  the ■ DCP  for  transmission.  For  example,  if  two  sets 
of  64  bits  were  made  available  sequentially  to  the  DCP 
after  the  Nth  hour  of  the  day,  set  one  could  contain  the 
hourly  values  from  N-3  to  N,  and  set  two  could  contain  the 
hourly  values  N-7  to  N-4 . Figure  3 is  the  result  of  that 
simulation.  Figure  4 is  the  result  of  simulating  the  avail- 
ability of  3 sets  of  64  bits  to  the  DCP,  encoded  analogously 
as  before  except  that  12  values  (hourly  values  N-3  to  N,  N-7 
to  N-4  and  N-11  to  N-8)  were  made  available.  In  each 
successive  example  above  the  number  of  unique  hourly  values 
transmitted  increases,  while  the  maximum  number  of  times 
that  each  particular  value  is  relayed  decreases.  The  salient 
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point  is  that  this  DCP,  from  which  about  14  transmissions 
per  day  are  relayed,  has  the  capacity  to  transmit  virtually 
all  of  the  daily  hourly  values  if  the  full  capacity  of  the 
system  is  used*  All  of  the  hourly  values  per  day  eomprise 
about  24  (values)  x 16  (bits/ value)  = 384  unique  bits  of 
data,  but  because  of  the  random  nature  of  the  system,  about 
14  (messages/day ) x 64  (bits/message)  = 896  bits/day  were 
required  to  obtain  the  full  daily  record. 

It  is  possible  to  postulate  the  existence  of  the  ERTS- 2 
satellite  in  an  orbital  plane  orthogonal  to  ERTS-l  and  to 
simulate  the  availability  of  data  from  a stream  gage  DCP 
with  the  interface  device,  as  was  done  above.  The  results 
of  that  simulation  are  compared  to  the  single-satellite 
example  in  Figure  5.  In  the  two- sate Hite  example,  if  2 
sets  of  64  bits  are  cycled  to  the  DCP,  all  of  the  possible 
432  hourly  values  in  the  18- day  cycle  can  be  relayed.  Not 
shown  in  the  figure , but  obvious  in  the  2-data-set  analysis , 
is  the  fact  that  virtually  all  of  the  values  were  relayed 
2 or  more  times,  and  that  there  is  redundancy  to  insure  the 
transmission  of  all  the  data.  The  data  rate  in  a two- 
satellite  case  is  of  the  order  of  1800  bits  per  day,  which 
provides  the  redundancy. 

The  thrust  of  this  analysis  is  to  demonstrate  that  if  the 
full  capacity  of  the  ERTS-DCS  were  used  at  one  of  these 
stations,  the  potential  would  exist  for  collecting  the  quan- 
tity of  data  that  the  Geological  Survey  routinely  and  opera- 
tionally collects.  An  operational  ERTS- type  system  would 
have  to  guarantee  more  than  14  transmissions  daily  with  one 
satellite  and  probably  would  have  to  provide  close  to  28 
average  daily  transmissions,  the  two  satellite  case,  to 
provide  the  desired  redundancy  to  insure  the  transmission 
of  all  data. 

ELEMENTS  OF  A POTENTIAL  OPERATIONAL  DATA  COLLECTION  AND 
P RO  C E S S IN  G S Y S T E M 

The  U.S.  Geological  Survey  operates  a system  of  water- 
resources  data  collection  stations  that  comprise  the 
Hydrologic  Data  Network.  The  Network  is  operated  by  the 
Survey  in  cooperation  with  local.  State,  and  other  Federal 
agencies  and  gathers  data  on  a wide  variety  of  environmental 
phenomena.  Many  stations  in  the  Network  are  sites  where 
hydrologic  measurements  are  taken  manually  at  a wide  range 
of  temporal  intervals , or  where  water  samples  are  taken  for 
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bacteriological/  chemical/  or  radiological  analysis . At 
many  data  collection  stations  in  the  network/  automatic 
instruments  record  data  on  site.  The  digital-recording 
stream- gaging  station/  discussed  above,  is  the  most  common 
field  instrument  in  the  Network. 

The  Geological  Survey  also  maintains  a national  teleeomputing 
network/  which  consists  of  computer  centers  in  Washington, 
D.C.,  and  Reston,  Virginia,  and  nearly  100  remote  computer 
terminals  in  Survey  offices  across  the  country.  The 
Washington,  D.C.,  computer  center  has  an  IBM  360/65  computer 
and  the  National  Center  at  Reston,  Virginia  has  an  IBM 
370/155  computer.  The  Survey  also  maintains,  within  the 
telecomputing  network,  a National  Water  Data  Storage  and 
Retrieval  System  into  which  data  from  the  Hydrologic  Data 
Network  are  entered  and  stored  via  remote  terminals. 

Thus,  the  major  hydrologic  activity  of  the  Geological  Survey- 
the  collection,  storage,  retrieval^  and  analyzing  of  hydro- 
logic  data-is  accomplished  through  the  operation  of  three 
basic  systems.  The  Hydrologic  Data  Network  provides  data 
collection,  the  National  Water  Data  Storage  and  Retrieval 
System  processes  and  stores  data  generated  by  the  Hydrologic 
Data  Network,  and  a national  telecomputing  system  provides 
general  data  processing  support  for  the  National  Water  Data 
Storage  and  Retrieval  System. 

The  interface  between  the  Hydrologic  Data  Network  and  the 
data-processing  systems  is  far  from  being  automated  in  its 
present  conventional  operational  mode  without  using  the  DCS. 
At  intervals  measured  in  terms  of  weeks,  the  data  from  a 
particular  field  instrument  are  retrieved  by  field  engineers 
and  technicians  who  visit  the  station,  calibrate  the  instru- 
ment, perhaps  take  supplementary  measurements  and  samples, 
and  conduct  general  maintenance.  The  data,  many  of  which 
are  in  machine  readable  form  are  returned  to  the  office, 
checked  for  quality  control,  transferred  onto  punch  cards 
or  magnetic  tape  for  entry  into  the  computer  system.  The 
time  lag  from  time  of  recording  to  time  of  entry  into  the 
computer  system  may  be  as  great  as  8 weeks. 

The  experience  that  several  Geological  Survey  experimenters 
have  had  with  the  ERTS-DCS  indicates  that  it  is  technically 
feasible  to  interface  a large  percentage  of  field  instruments 
in  the  Hydrologic  Data  Network  with  an  ERTS-type  DCS  then, 
a multi-satellite  system  could  obtain  the  volume  of  data 
now  routinely  collected  by  the  Network.  Conceptually,  the 
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data  could  be  automatically  entered  into  National  Water 
Data  Storage  and  Retrieval  System,  processed,  and  dissemi- 
nated by  the  telecomputing  network  for  near-real  time  data 
use  • 

One  can  speculate  on  the  capacity  of  a polar-orbiting  DGS 
system  as  an  integral  part  of  the  data-collection  activities 
of  the  Geological  Survey.  The  system  probably  would  require 
about  a 20,000  DCP  capacity,  a daily  average  DCP  that  would 
be  easily  installed  and  maintained.  The  failure  rate  of  the 
DCP ' s would  have  to  be  less  than  the  failure  rate  of  the 
field  instrumentation,  which  is  of  the  order  of  10  percent 
per  year  for  digital  water-stage  recorders.  With  a multiple 
polar-orbiting  satellite  system,  the  average  queuing  time 
for  data  could  be  kept  below  2 hours.  Satellite-relayed 
data  could  be  received  at  several  regional  sites,  which  would 
provide  good  regional  DCP  coverage  and  would  provide  redun- 
dancy in  ground-receive-site  equipment.  The  data  could  be 
processed  on  site  or  entered  into  the  telecomputing  network 
for  processing.  The  regional  centers  would  format  the  DCP 
data  for  entry  into  the  basic-data-processing  system  in  the 
central  computer  center,  and,  if  required  for  local  or 
regional  applications,  perform  other  more  specific  data- 
processing  tasks.  Thus,  an  operational  DCS  could  be  used  to 
automate  the  routine  data  activities  for  a large  part  of  the 
Hydrologic  Data  Network,  reducing  by  orders  of  magnitude  the 
time  lag  between  water -data  collection  and  its  entry  into 
the  National  Water  Data  Storage  and  Retrieval  System. 

BENEFITS 

There  are  several  potential  benefits  that  could  be  realized 
by  integrating  a satellite  data-collection  system  with  the 
operational  hydrologic  data  activities  of  the  Geological 
Survey . 

Satellite-relayed  data,  summarized  and  made  available  via 
remote  computer  terminals  to  Survey  district  offices,  could 
be  used  to  improve  the  management  of  the  Hydrologic  Data 
Network.  Strategies  could  be  developed  for  field  manpower 
deployment  based  upon  real-time  information  from  hydrologic 
instruments . For  example , manpower  could  be  deployed  to 
malfunctioning  stations  or  to  stations  that  are  recording 
extraordinary  hydrologie  conditions  where  supplementary 
manual  measurements  are  highly  desirable.  The  emphasis 
could  be  shifted  to  sending  personnel  where  they  are  most 
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needed/  instead  of  the  present  routine  station- serviGing 
trips.  This  could  improve  the  efficiency  of  expensive 
manpower/  decrease  the  down  time  of  hydrologic  instruments / 
decrease  data  losS/  and  free  manpower  for  new  high-priority 
activities.  Also/  data  from  the  Network  can  be  made  avail- 
able in  near-real  time  to  meet  the  growing  data  needs  of 
water-resources  management  agencies. 

An  additional  significant  benefit  of  a multi-satellite 
polar-orbiting  DGS  would  be  its  potential  for  worldwide 
use.  There  would  be  no  added  strain  on  the  system  if 
foreign  agencies  established  their  own  receive- site  stations 
and  installed  DCP * s to  monitor  their  resources.  The  cost 
of  their  installations  would  be  modest  and  would  avoid  the 
necessity  of  having  the  large  reservoir  of  technical  expertise 
normally  required  to  install  and  maintain  landline  or  micro- 
wave  systems  of  data  collection. 

CONCLUSIONS 

An  operational  polar-orbiting-s a tel lite- data- collect ion 
system  has  been  shown  by  the  ERTS  experiment  to  be  technical- 
ly feasible.  Many  of  the  elements  necessary  to  provide  an 
automatic  hydrologic-data-Gollection  and  processing  system 
exist  in  the  U.S.  Geological  Survey.  No  new  significant 
technology  development  is  required  to  interface  existing 
instrumentation  in  the  Hydrologic  Data  Network  with  existing 
data-processing  systems  using  a remote  data-collection  system 
like  the  ERTS-DCS.  An  analysis  of  the  costs  and  the  benefits 
of  an  operational  satellite-data-CGllec tion  system  is  being 
made  by  the  U.S.  Geological  Survey. 
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Figure  1 - Computer  summary  of  actual  data  received  from  a stream-gage  DCP 
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Figure  3 - Potential  capacity  of  a stream-gage  DCP  to  transmit  data  if  two 
sets  of  64  bits  are  made  available  sequentially  to  the  DGP 
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Paper  W 9 


RETRANSMISSION  OF  WATER  RESOURCES  DATA  USING  THE  ERTS-l  DATA 
COLLECTION  SYSTEM 

R.  A.  HalHday,  L A,  Reid  and  E.  F,  Chapman,  (Canada  — Department  of  the  Environment) 


ABSTRACT 

The  Water  Survey  of  Canada  operates  a network  of  approximately 
2400  gauging  stations  at  which  water  level  data  are  collected. 

In  most  cases  the  water  level  data  are  used  in  conjunction  with 
periodic  discharge  measurements  to  produce  daily  river  discharge 
data.  These  data  may  be  used  for  design  of  structures  and 
works,  flow  and  flood  forecastings  project  regulation  and  for 
pollution  control.  In  many  cases  it  would  be  desirable  to 
obtain  data  on  a near  real  time  basis.  However,  the  isolated 
locations  of  most  of  the  gauging  stations  have  made  the  cost 
of  land  line  telemetry  prohibitive.  Fewer  than  100  gauging 
stations  have  been  equipped  with  telemetry  systems. 

Therefore,  when  the  ERTS  Data  Collection  System  became  available 
in  1972  it  seemed  worthwhile  to  investigate  the  possibility  of 
using  a satellite  retransmission  system  to  collect  discrete 
water  level  readings  at  least  once  daily  from  a few  gauging 
stations  and  to  use  these  data  for  operational  purposes.  In 
this  way  a valid  assessment  with  regard  to  reliability,  costs 
and  other  aspects  of  the  whole  system  could  be  carried  out  and 
decisions  made  with  respect  to  the  feasibility  and  advantages 
of  establishing  a much  larger  network  of  DCPs  dependent  on 
future  satellite  facilities. 

To  perform  this  assessment,  nine  DCPs  were  installed  in  isolated 
areas  of  northern  and  western  Canada.  It  was  felt  that  DCPs 
in  these  locations  would  be  exposed  to  climatic  conditions  severe 
enough  to  provide  a check  on  system  reliability.  In  addition, 
near  real  time  data  from  the  sites  selected  would  help  the  Water 
Survey  of  Canada  meet  some  of  its  operational  needs. 

Water  level  data  are  transmitted  from  all  sites  and,  also,  some 
of  the  DCPs  are  used  to  transmit  ice  break-up,  water  velocity, 
precipitation,  air  temperature,  water  stage  recorder  clock 
operation  or  DCP  battery  voltage.  Consideration  is  being  given 
to  transmitting  other  parameters  that  would  be  of  value  in  flood 
or  flow  forecasting. 

Results  of  the  project  have  been  excellent.  There  has  been  no 
data  loss  that  can  be  attributed  to  failure  of  a DCP  although 
data  were  lost  because  of  sensor  malfunctions.  The  quality  of 
data  collected  compares  favourably  with  that  of  the  hard  record 
obtained  at  the  remote  sites.  Costs  of  using  the  ERTS  Data 
Collection  System  are  reasonable. 
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INTRODUCTION 


The  Earth  Resources  Technology  Satellite  (ERTS-1)  was  launched  on  July  23, 
1972.  This  satellite  provides  for  the  repetitive  acquisition  of  high 
resolution  multispectral  data  of  the  earth's  surface  on  a global  basis. 

In  addition,  the  satellite  has  the  capability  of  retransmitting  data  from 
remote,  widely  distributed,  earth^based  sensor  platforms  to  receivers  in 
the  United  States.  This  data  retransmission  capability  has  been  used  by 
the  Water  Sutvey  of  Canada  for  acquisition  of  water  resources  data  from 
nine  remote  sites  on  a near  real  time  basis. 


The  Water  Survey  of  Canada  operates  over  2400  gauging  stations  at  which 
water  level  data  are  collected.  At  most  stations,  the  water  level  data 
are  used  to  compute  river  discharge  data.  These  data  may  be  used  for 
the  design  of  structures  such  as  hydro  electric  power  plants  and  for  flow 
and  flood  forecasting,  project  regulation  and  for  pollution  control.  In 
many  instances,  it  would  be  desirable  to  obtain  data  on  a near  real  time 
basis;  however  because  of  the  isolated  locations  of  most  gauging  stations, 
the  cost  of  doing  this  has  been  prohibitive.  Fewer  than  100  gauging 
^];stations  have  been  equipped  with  telemetry  systems  . 


> |/^Therefore,  when  the  ERTS  Data  Collection  System  was  proposed  it  seemed 
^ worthwhile  to  investigate  the  possibility  of  using  a satellite 

'^retransmission  network  to  collect  a discrete  water  level  reading  at  least 
once  daily  from  a few  gauging  stations  and  to  use  these  data  for 
f^.^^roperational  purposes.  In  this  way  the  dependability,  costs  and  other 
aspects  could  be  studied  and  decisions  made  with  respect  to  the 
feasibility  and  advantages  of  establishing  a much  larger  network  of  Data 


J^^^Collection  Platforms  (DCPs)  dependent  on  future  operational  satellite 

.data  retransmission  facilities. 

Q-J 

Oi^his  paper  discusses  site  selection,  sensors  used,  field  installation  of 
DCPs,  data  handling,  results  and  future  plans. 


Site  Selection 


The  sites  v;ere  selected  on  the  basis  that  real  time  data  would  be  very 
valuable  for  flow  forecasting  and  other  operational  purposes.  In  addition, 
the  severe  climatic  conditions  at  the  sites  would  provide  a good  test  of 
the  DCP’s  performance. 

Nine  sites  were  selected  for  experimentation  with  satellite  retransmission 
by  ERTS.  Three  of  the  sites  are  in  southern  British  Columbia,  two  in  the 
western  arctic,  one  in  northern  Saskatchewan,  one  in  the  eastern  arctic, 
and  two  in  northern  Ontario,  These  sites  are  located  in  northern  or 
mountainous  regions.  Because  of  the  range  in  climatic  and  areal  conditions, 
it  is  considered  that  these  locations  would  provide  a good  test  on  the 
operational  aspects  of  the  data  collection.  Table  one  lists  the  nine 
sites  now  in  use. 
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TABLE  ONE 


WATER  SURVEY  OF  CANADA  GAUGING  STATIONS 
HAVING  ERTS  DCP5 


Station  Name 

I.D, 

Lat . 

Long. 

1. 

Duncan  River  below  B.B.  Creek 

6126 

50°38» 

117°03' 

2. 

Nahatlatch  River  below  Tachewana  Creek 

6232 

49°57' 

I21°52' 

3. 

McGregor  River  at  Lower  Canyon 

6354 

54°14 ' 

121°40' 

4. 

Mackenzie  River  near  Wrigley 

6260 

63°16* 

123° 36' 

5. 

Mackenzie  River  at  Sans  Sault  Rapids 

6366 

65°46’ 

128°45' 

6. 

Lake  Athabasca  at  Crackingstone  Point 

6150 

59°23' 

108°53' 

7. 

Kazan  River  at  Outlet  of  Ennadai  Lake 

6353 

61°15' 

100°58' 

8. 

Albany  River  above  Nottick  Island 

6102 

51°38' 

86°24' 

9. 

Winisk  River  below  Asheweig  River 

6137 

54°31 * 

87°14' 

Site  I)  is  in  the  Columbia  River  basin.  Data  are  supplied  by  the  Water 
Survey  of  Canada  to  Canadian  and  United  States  operating  entities  who  use 
the  information  to  forecast  runoff  especially  spring  runoff  when  there  is 
an  ever  present  threat  of  flooding.  Also,  the  Columbia  River  Basin 
Permanent  Engineering  Board  uses  the  information  to  check  operating 
schedules  of  the  Treaty  dams. 

Sites  2)  and  3)  are  in  the  Fraser  River  basin.  Data  from  these  sites  are 
used  as  an  index  of  tributary  inflow  into  the  'Fraser  River  for  flood  fore- 
casting purposes.  In  most  years  the  spring  runoff  on  the  Fraser  presents 
a flood  threat  to  major  population  centres. 

The  principal  method  of  transporting  bulk  cargo  in  the  western  arctic  is 
by  means  of  barges  on  the  Mackenzie  River.  Because  the  shipping  season 
is  short,  it  is  desirable  that  barges  carry  the  maximtim  possible  tonnage 
and  yet  not  be  subject  to  the  risk  of  running  aground.  The  Water  Survey 
of  Canada  makes  predictions  of  water  levels  three  times  weekly  for 
navigational  purposes.  The  real  time  water  level  readings  from  the  two 
Mackenzie  River  sites  (sites  4)  and  5))  allow  the  barge  operators  to 
transport  the  cargo  efficiently  and  economically . 

Lake  Athabasca  (site  6))  is  a naturally  controlled  reservoir  augmenting 
low  summer  flows  in  the  Slave  and  Mackenzie  Rivers.  The  wildlife  in  the 
area,  along  with  that  on  an  adjoining  lake  provides  the  means  of  livelihood 
for  nearly  all  the  native  people  in  the  area.  Both  the  wildlife  and 
native  people  are  now  affected  by  the  control  exercised  by  the  power 
development  on  the  connected  Peace  River.  Real  time  data  at  Lake  Athabasca 
is  considered  beneficial  for  monitoring  purposes. 

The  Kazan  River  (site  7))  in  the  barren  lands  of  the  eastern  arctic  is 
accessible  only  by  chartered  air  service  with  the  river  serving  as  a 
landing  strip.  Flows  in  this  river  are  representative  of  conditions  in 
a wide  area  of  the  eastern  arctic.  Therefore,  if  prevailing  river 
conditions  at  this  site  were  known,  considerable  savings  might  be  possible 
in  scheduling  hydrometric  and  other  activities  in  the  area.  Ice  formation 
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and  break-up  could  be  detected  and  the  aircraft  equipped  with  the  appropriate 
landing  gear. 

The  Albany  and  Winisk  Rivers  (sites  8)  and  9))  are  major  rivers  in  northern 
Ontario  that  are  accessible  only  by  fixed  and  rotary  winged  aircraft.  A 
knowledge  of  river  conditions  in  the  area  would  aid  activities  in  this  part 
of  northern  Ontario,  The  two  rivers  are  fairly  representative  of  most 
rivers  in  the  area  and  have  been  under  investigation  for  a major  water 
resources  development. 


SENSORS 
Water  Level 

Water  level  is  the  primary  parameter  retransmitted  from  Water  Survey  of 
Canada  gauging  stations  by  ERTS-1.  Two  systems  are  used  by  the  Water  Survey 
of  Canada  to  sense  water  level.  The  first  is  a float  and  pulley  operating 
in  a stilling  well  that  is  connected  to  the  river.  Where  it  is  not  feasible 
to  install  or  operate  a stilling  well  system,  because  of  climatic  or 
economic  reasons,  a nitrogen  purge  system  is  used  to  sense  the  head  of  water 
above  a fixed  orifice  near  the  river  bed.  The  pressure  of  the  head  of  water 
over  the  orifice  is  transmitted  by  the  pressure  exerted  on  the  gas  in  the 
bubble  tubing  to  a servo-manometer  which  converts  this  pressure  to  a shaft 
rotation.  At  conventional  gauging  stations  the  output  shaft  from  the  servo- 
manometer  or  the  float  system  is  connected  to  a Leupold  § Stevens  Type  A 
analogue  water  stage  recorder. 

At  the  ERTS  DCP  sites  a Leupold  § Stevens  Memomark  II  is  used  in  conjunction 
with  a float  or  servo-manometer  to  encode  and  store  the  water  level  as  four 
binary  coded  decimal  digits.  This  enables  water  levels  ranging  from  0000  to 
9999  to  be  transmitted.  No  interface  is  needed  between  the  Memomark  II  and 
the  DCP . 

Precipitation  and  Air  Temperature 

In  co-operation  with  the  Atmospheric  Environment  Service,  Department  of  the 
Environment,  two  Hydrometeorological  Automatic  Recording  and  Telemetering 
Systems  (HARTS)  were  installed  to  encode  and  store  data  from  a Fischer- 
Porter  precipitation  gauge  and  a platinum  resistance  bulb  thermometer. 
Accumulated  precipitation  to  the  nearest  0.030m  (0.1  ft.)  and  temperature  to 
the  nearest  0.055C®  (O.IF'^)  are  encoded  for  transmittal  by  ERTS.  The  HARTS 
system  is  described  in  (Fong,  1973)  and  has  also  been  used  for  encoding  of 
snow  pillow  and  wind  rim  anemometer  data. 

Water  Velocity 


River  velocity  is  a useful  parameter  to  record  especially  during  those  periods 
when  the  conventional  stage-discharge  does  not  hold.  Using  stage  and  recorded 
velocity  data,  it  is  possible  to  compute  river  flows  at  many  gauging  stations 
when  a stage -discharge  curve  is  not  defined.  (Strilaeff  and  Bilozor,  1973) . 
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A Marsh-McBirney  electromagnetic  meter  which  has  an  output  voltage  of  0 
to  1 volts  corresponding  linearly  to  a velocity  of  0 to  10  feet  per 
second  is  installed  at  one  site.  In  order  to  obtain  time  averaged  data, 
a velocity  integrator  has  been  designed. 


^*Ice~out”  Indicator 

A useful  piece  of  information  for  conqputation  of  streamflow  data  and  for 
planning  of  hydrometric  operations  is  a knowledge  of  when  the  ice  moves 
out  of  the  river  at  a gauging  station.  Two  methods  that  use  the  s^e 
principle  were  designed  to  detect  this  ice  movement.  The  first  was  to 
connect  a 4 1/2  volt  battery  to  light  wire,  then  put  this  voltage  into 
one  of  the  analogue  chtonels.  The  battery  is  frozen  into  the  ice  surface 
of  the  river  so  that  when  the  ice  moves  out,  the  cable  is  broken  and  the 
voltage  level  drops  to  zero.  A second  version  of  the  same  system  uses 
one  bit  rather  than  an  entire  word.  In  this  case  a friction  type  plug 
is  tied  firmly  near  the  waterts  edge  with  the  male  side  of  the  plug 
shorted  and  connected  to  a line  which  is  frozen  into  the  ice.  When  the 
ice  moves  out,  the  plug  pulls  apart  and  the  bit  transmitted  changes  from 
a zero  condition  to  a one  condition.  ”Ice-out"  indicators  were  installed 
at  several  sites. 


DCP  Battery  Check 

A battery  check  device  C^^ruus,  1973)  has  been  installed  at  three  sites 
to  monitor  the  voltage  level  of  the  DCP  power  supply.  The  voltage  of 
the  DCP  batteries  is  scaled  to  provide  a voltage  less  than  5 volts.  In 
order  to  conserve  the  DCP  batteries  the  device  is  switched  on  by  the 
data  gate  signal  prior  to  a transmission.  The  battery  check  device  uses 
one  analogue  channel. 


Water  Stage  Recorder  Operation  Check 

The  Leupold  § Stevens  Type  A recorder  has  very  good  cold  temperature 
performance  characteristics  but  is  subject  to  clock  stoppages  at  about 
-SO^C  (Chapman,  1971).  Also,  the  clocks  stop  once  in  a while  for  reasons 
other  than  cold  temperatures.  Once  stopped,  it  Is  veiy  unusual  for  a 
clock  to  restart  on  its  own.  A method  of  checking  clock  operation  using 
a cam  and  single  throw,  double  pole  micro-switch  was  devised.  When  the 
recorder  clock  is  operating  two  parallel  digital  bits  in  the  DCP 
message  change  from  01  to  10  to  01  and  so  on  every  10  hours.  A failure 
to  change  indicates  that  the  recorder  clock  has  stopped.  A few  of  these 
devices  are  now  in  operation.  One  of  the  authors’  chief  concerns  was  to 
ensure  that  the  device  itself  would  not  cause  a clock  stoppage. 


INSTALLATION  OF  DCPs 

The  DCPs  are  installed  in  regions  where  severe  climatic  conditions 
prevail.  Temperatures  lower  than  -SO^C  can  occur  at  some  sites.  Also, 
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wind  velocities  in  the  order  of  100  km/hr  or  snow  depths  of  2 m are  possible. 
None  of  the  sites  are  in  high  humidity  areas. 

Some  of  the  DCPs  were  heated  to  protect  them  from  severe  tei^eratures. 

The  method  of  heating  consisted  of  construeting  an  insulated  compartment 
of  plywood  and  styrofoam  around  the  instrument  . This  enclosure  is 
heated  using  a catalytie  propane  heater  having  a 630kJ  orifice.  One 
45.4  kg  (100  lb*)  tank  of  propane  is  sufficient  to  last  three  to  four 
months . 

Three  different  DCP  power  supplies  were  used.  One  is  a series-parallel 
combination  of  6 rechargeable  Union  Carbide  No.  564  batteries;  another 
is  two  heavy  duty  12  volt  lead-acid  batteries  in  series  and  the  last,  two 
snowmobile  12  volt  lead-acid  batteries  in  series.  A set  of  air-depolarized 
carbon  zirtc  batteries  that,  reputedly,  have  good  low  temperature 
characteristics  and  long  life,  have  been  purchased  for  installation 
during  the  winter  of  1973-74. 

Figure  one  shows  a typical  interior  of  a gauge  house  containing  a propane 
tank  for  the  heater,  a nitrogen  tank  for  the  gas  purge  system,  the 
Leupold  § Stevens  Type  A- 71  recorder,  the  CAE  Aircraft  water  stage 
servo -manometer,  the  Leupold  § Stevens  Memomark  II  water  level  encoder 
and  the  General  Electric  DCP  electronic  box. 

No  special  precautions  were  taken  in  erecting  the  antennas.  Guy  wires 
were  used  in  those  cases  where  strong  winds  or  heavy  snow  loads  were 
expected.  Some  antennas  have  been  subject  to  winds  speeds  of  80  km/hr 
or  snow  loads  of  1 m with  no  damage. 

As  the  DCPs  were  installed  in  existing  instrument  or  combined  instrument 
and  personnel  shelters  associated  with  a gauging  station,  the  installation 
could  be  completed  very  quickly.  About  two  man  days  were  required  to 
install  the  antenna,  connect  interfaces  to  existing  sensors  and  activate 
the  DCP. 

The  only  real  problem  was  getting  the  DCP  on  site.  In  many  cases,  the 
bulky  shipping  carton  could  not  be  fitted  into  aircraft  normally  used  in 
hydrometric  operations.  Therefore,  the  antenna,  electronic  package  and 
hardware  were  removed  from  the  carton  and  the  antenna  transported  with 
no  protection.  Fortunately  no  antennas  were  damaged.  A smaller  ground 
plane  would  be  a definite  asset  from  a transportation  viewpoint. 

It^s  noteworthy  that,  despite  the  large  size  of  the  shipping  container, 
two  DCPs  were  lost  during  shipment  by  commercial  air  carriers. 

Figures  2 and  3 show  the  typical  exterior  appearance  of  DCP  installations 
at  Water  Survey  of  Canada  gauging  stations. 
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Gauging  Station 


Figure  Two:  Typical  Instrument  Shelter 

with  ERTS  DCP  Antenna 
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with  ERTS  DCP  Antenna 


DATA  HANDLING  AND  PROCESSING 


The  ERTS  Data  Collection  System  is  composed  of  three  subsystems:  the 

DCP  at  a remote  site,  the  receiving  and  transmitting  equipment  in  the 
ERTS  spacecraft,  and  the  receiving  site  equipment  at  Goldstone,  California 
and  Greenbelt,  Maryland, 

The  DCP  accepts  eight  words  of  data,  eight  bits  in  length,  from  the  user^s 
sensors  in  analogue,  parallel  digital  or  serial  digital  form  and  transmits 
the  encoded  data  along  with  a DCP  identification  number  in  a short  burst 
at  401,55  MHz  every  three  minutes.  When  the  satellite  is  within  mutual 
view  of  a transmitting  DCP  and  a receiving  site,  the  data  are  recovered. 

Data  received  are  formatted  and  transmitted  over  the  NASA  Communication 
System  (NASCOM)  to  the  ERTS  Control  Center  where,  after  further  processing, 
the  data  are  supplied  to  users  in  card  and  printout  form  and,  in  some 
cases,  by  teletype.  The  Canadian  cards  and  printouts  are  delivered  to 
the  Canadian  Embassy  in  Washington,  D.C. , then  carried  by  diplomatic 
bag  to  the  Canadian  Department  of  External  Affairs  in  Ottawa  where  the 
data  were  mailed  to  Canadian  users.  This  unwieldly  procedure  usually 
results  in  a delay  in  receipt  of  data  of  about  two  weeks. 

In  order  to  overcome  this  problem,  the  Canada  Centre  for  Remote  Sensing 
(CCRS)  in  Ottawa  and  NASA  made  arrangements  for  Canadian  DCP  data  to 
be  received  at  OCRS  by  dedicated  telephone  line  after  each  orbit. 

Normally  a delay  of  30  to  40  minutes  is  experienced.  The  data  received 
are  recorded  simultaneously  on  a teletype  hard  copier  and  a magnetic 
tape . 

At  present,  these  data  are  periodically  inputed  to  the  CCRS  time  sharing 
computer  system.  A software  data  retrieval  system  sorts  the  user 
platforms,  reformats  the  data  into  engineering  units  and  stores 
individual  user  files  on  disk.  The  user  may  then  access  his  data  file 
using  either  a teletype  or  telex  remote  terminal.  Several  users  across 
Canada  receive  data  on  a daily  basis  by  telex. 

Arrangements  to  automatically  input  the  data  received  from  NASA  into 
the  CCRS  computer  system  are  in  progress. 

As  data  transmitted  over  the  existing  teletype  line  are  sometimes 
degraded,  the  data  received  in  card  form  are  translated  by  computer  into 
engineering  units  to  provide  a hard  copy  for  comparison  purposes. 
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RESULTS 


The  nine  Water  Survey  of  Canada  platforms  have  been  in  operation  for  an 
average  time  of  one  year  without  experiencing  a DCP  failure.  Two  platforms 
have  stopped  transmitting  because  of  DCP  battery  failures  but  started 
again  when  the  battery  was  replaced.  Also  some  platforms  have  been 
turned  off  to  move  them  to  different  sites. 

Four  platforms  are  now  installed  at  sites  other  than  those  originally 
specified  in  the  submission  to  NASA.  (One  was  never  installed  at  the 
original  location) . The  platforms  were  moved  to  sites  where  the  data 
would  be  more  beneficial  to  users  and  where  the  platforms  would  be  exposed 
to  more  rigorous  field  conditions.  The  platforms  were  relocated  once 
confidence  was  gained  in  the  ERTS  Data  Collection  System. 

The  communications  link  from  the  DCPs  to  the  NASA  Data  Processing  Facility 
(NDPF)  has  been  extremely  reiiable  with  about  98  percent  of  the  Canadian 
messages  having  been  assigned  the  highest  confidence  level  (7) . Checks 
have  shown  that,  when  message  confidence  is  7,  the  data  received  via 
ERTS  are  identical  to  the  values  ”seen"  by  the  sensors. 

The  number  of  confidence  7 messages  from  the  nine  platforms  are  summarized 
in  table  two.  All  figures  are  based  on  the  use  of  the  180  second  transmit 
rate.  In  this  table,  transmissions  from  the  same  platform  received  at  both 
Goldstone  and  Greenbelt  at  the  same  time  are  counted  once. 


TABLE  TWO 


SUMMARY  OF  RETRANSMITTED  DATA 


Platform 

Identification 


Daily  Mean  Transmissions  for  Period 
of  Operation 


Transmissions 

Daily 

Max.  Min. 


6126 

7 

10 

3 

6232 

9 

13 

4 

6354 

8/9* 

13 

3 

6260 

9/6* 

13 

4 

6366 

8/8* 

13 

4 

6150 

14 

19 

6 

6353 

15 

25 

7 

6102 

15 

20 

6 

6137 

16 

22 

6 

* two  locations 
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The  number  of  transmissions  from  a site  seems  to  be  dependant  on  the 
geographical  location  and  the  horizon  elevation.  Sites  surrounded  by 
deciduous  trees  such  as  that  in  figure  2,  show  no  difference  in  trans- 
mission  rates  from  summer  to  winter.  Also  the  transmission  rate  seems 
unaffected  by  accumulations  of  over  0.5  m of  dry  snow  on  the  ground 
plane.  There  is  some  evidence  to  suggest  that  the  transmissions  are 
attenuated  slightly  when  this  snow  cover  is  melting. 

A few  platforms  in  the  higher  latitudes  were  operated  on  the  90  second 
transmission  rate  for  short  periods  of  time  until  it  became  apparent  that 
sufficient  data  would  be  received  at  the  180  second  rate.  It’s  noteworthy 
that  because  of  the  high  latitudes  in  which  the  platforms  are  operated, 
and  despite  the  long  distances  to  the  receivers,  that  data  are  occasionally 
received  on  8 orbits  a day.  Data  are  frequently  received  on  7 orbits 
each  day. 

The  sensors  discussed  in  an  earlier  section  of  this  paper  have  all  performed 
well.  The  main  problem  has  been  a failure  of  the  water  level  encoder  to 
update.  This  occurs  when  the  encoder  clock  stops,  either  because  of  battery 
failure  or  for  other  reasons.  Many  batteries  associated  with  the  ERTS 
installations  have  been  left  operating  until  failure  in  order  to  evaluate 
their  performance  under  load  at  low  temperatures. 

All  of  the  Water  Survey  of  Canada  DCPs  are  installed  in  locations  where 
site  access  is  difficult  and  costly.  Because  of  this,  sites  are  visited 
as  few  as  five  times  a year.  Therefore  when  a sensor  or  other  failure 
occurs  at  a DCP  site  several  weeks  may  elapse  before  repairs  can  be  made. 

The  DCP  data  can  be  used  to  diagnose  the  problem  and  appropriate  repair 
parts  can  be  carried  in  to  site.  Also,  if  warrented,  a special  trip 
to  the  site  may  be  scheduled  in  order  to  meet  data  users*  requirements. 

As  ERTS  is  an  experimental  system,  NASA  and  other  agencies  are  paying 
some  costs  that  would  normally  be  charged  to  users.  It  is  therefore  not 
possible  to  produce  rigorous  cost  comparisons  between  data  retransmission 
by  ERTS  and  by  other  means.  Table  three  shows  some  approximate  costs  of 
installing  water  level  telemetry  service  at  an  existing  gauging  station  in 
southern  Canada. 


TABLE  THREE 

APPROXIMATE  COSTS  OF  WATER  LEVEL  TELEMETRY 


Capital 

Telephone 

Radio 

ERTS-DCP 


and  Installation 

$ 1,400 
$20,000 
$ 4,500 


Annual  Maintenance 

< $ 100 
$1,000 
< $ 100 


Annual  Operating 

$500 

$500 

low 
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It  should  be  noted  that  in  most  parts  of  Canada  the  cost  of  installing 
telephone  or  radio  telemetry  systems  is  not  economically  feasible 
therefore  satellite  retransmission  is  the  only  means  of  obtaining  water 
resources  data  from  these  areas. 


FUTURE  PLANS 
ERTS  Related 

The  main  thrust  of  the  Water  Survey’s  program  will  be  a move  towards 
quasi-operational  use  of  the  ERTS  Data  Collection  System.  The  number  of 
platforms  will  be  increased  to  about  30  and  the  DGP  memory  developed  by 
the  U.S,  Geological  Survey,  Water  Resources  Division  will  be  used  at  a 
few  sites.  Operation  of  this  larger  network  of  DCPs  will  enable  a more 
thorough  analysis  of  the  costs  and  benefits  of  satellite  retransmission 
to  be  carried  out. 

It  is  expected  that  a few  additional  sensors  will  be  used.  The  most  probable 
are  water  teraperature  and  ice  thickness.  These  data  are  useful  for  operation 
of  hydrometric  data  gathering  networks  and  may  be  of  interest  to  data  users. 

Beyond  ERTS 

Additional  ERTS  platforms  will  be  ordered  keeping  in  mind  future  develop- 
ments in  the  field  of  satellite  retransmission.  If  the  ERTS  system  fails, 
these  platforms  can  be  easily  converted  to  operate  as  self-timed  units 
using  the  Geostationary  Operational  Environmental  Satellite  (GOES)  Data 
Collection  System.  The  GOES  Satellite,  which  is  expected  to  be  operational 
in  late  1974,  will  be  operated  and  controlled  by  the  National  Oceanic  and 
Atmospheric  Administration  (NOAA)  of  the  U.S,  Department  of  Commerce. 

There  are  two  Canadian  satellites  under  consideration  that  would  have  data 
retransmission  capability.  The  first  of  these  is  a low  capacity  geo- 
stationary UHF  communications  satellite  (Walker,  Card,  Roscoe,  1973). 

The  data  retransmission  system  will  be  similar  in  many  ways  to  that  of 
GOES.  A feasibility  and  design  study  for  the  platforms,  that  will  be  used 
with  the  satellite,  has  been  completed  under  contract  to  the  Canadian 
Department  of  Communications. 

The  second  proposed  satellite  is  an  earth  resources  satellite  that  would  be 
similar  to  ERTS  in  many  respects.  This  satellite  would  have  scanning  and 
data  retransmission  capability.  Both  of  the  proposed  Canadian  satellites 
could  be  launched  in  this  decade. 


CONCLUSIONS 

The  original  intention  of  the  Water  Survey  of  Canada  in  participating  in 
the  ERTS  Data  Collection  System  experiment  was  to  determine  if  reliable 
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water  level  data  could  be  retransmitted  twice  daily  from  an  isolated 
location  on  a near  real  time  basis.  It*s  apparent  that  the  experience 
since  the  launch  of  ERTS-1  has  amply  demonstrated  the  technical  feasibility 
of  satellite  retransmission,  at  least  from  low  orbiting  spacecraft. 

The  General  Electric  DCP  has  proven  to  be  a versatile,  rugged  piece  of 
hardware  and  has  surpassed  original  expectations.  No  interfacing  problems 
have  been  encountered.  The  quantity  of  reliable  data  gathered  by  the  ERTS 
DCPs  has  proven  very  useful  for  water  resources  management  and  hydrometric 
field  operations. 

Canada  is  a large  sparsely  populated  nation.  These  factors  plus  the 
country's  rigorous  northern  climate  and  large  surface  water  supply  appear 
to  make  satellite  retransmission  of  water  resources  data  a logical 
extension  of  Space  Age  technology  to  the  science  of  hydrometry . 
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ERTS-1  FLOOD  HAZARD  STUDIES  IN  THE  MISSISSIPPI  RIVER  BASIN 

Albert  Rango  and  Arthur  T.  Anderson,  NASA/Goddard  Space  Flight  Center,  Greenbelt,  Maryland  20771 


ABSTRACT 

The  Spring  1973  Mississippi  River  flood  was  investigated  using 
remotely  sensed  data  from  ERTS-1,  Both  manual  and  automatic  analyses 
of  the  data  indicate  that  ERTS-1  is  extremely  useful  as  a regional 
tool  for  flood  and  floodplain  management.  Automatic  digital  analysis 
using  the  GEMS  system  was  employed  to  obtain  quantitative  estimates 
of  area  flooded  in  small  test  sites  1225  km^  in  area  in  St,  Charles 
County,  Missouri  and  the  delta  region.of  northwest  Mississippi. 

In  the  St.  Charles  Couhty  site  265  km^  (21%  of  the  total  area)  was 
calculated  to  be  flooded  whereas,  in  the  northwest  Mississippi  site, 

480  km^  (39%)  was  inundated  with  an  additional  amount  of  high  forest 
submerged  beneath  the  canopy.  In  the  entire  state  of  Arkansas,  manual 
photo  interpretation  indicated  that  7300  km^  was  inundated  with  only 
630  km^  flooded  along  the  Mississippi  River  mainstem.  The  maximum 
error  of  such  flood  area  measurements  is  conservatively  estimated  to  be 
less  than  five  percent.  Change  detection  analysis  indicates  that  the 
flood  had  major  impacts  on  soil  moisturoi  land  pattern  stability,  and 
vegetation  stress. 

Flood  hazard  identification  (i.e.,  the  delineation  of  flood- 
susceptible  areas)  was  conducted  using  photo  interpretation  techniques 
in  three  study  areas  along  the  Mississippi  River  using  pre-flood 
ERTS-1  imagery  down  to  1:100,000  scale.  The  flood-prone  areas 
delineated  on  these  images  correspond  to  areas  that  would  be ‘inun- 
dated by  significant  flooding  (approximately  the  l60-year  flood). 

In  addition,  in  northwest  Mississippi,  the  feasibility  of  objective 
detection  of  floodplain  features  related  to  flood  susceptibility  was 
confirmed  using  the  GEMS  system.  Flood  prone  area  boundaries 
obtained  from  ERTS-l  were  generally  in  agreement  with  flood  hazard 
maps  produced  by  the  U.S.  Army  Corps  of  Engineers  and  the  U.S, 

Geological  Survey  although  the  latter  are  somewhat  more  detailed 
because  of  their  larger  scale.  Initial  results  indicate  that  ERTS-1 
digital  mapping  of  the  flood -prone  areas  using  the  Purdue  University 
LARS  system  can  be  performed  at  least  at  1:62,500  which  is  comparable 
to  conventional  flood  hazard  map  scales.  Direct  comparison  of  the  ERTS-1 
digital  products  to  conventional  flood  hazard  maps  must  wait  until 
corrections  for  image  skew  can  be  incorporated  into  the  LARS  output  format. 
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ERTS-1  FLOOD  HAZARD  STUDIES  IN  THE 
MISSISSIPPI  RIVER  BASIN 


INTRODUCTION 

Floods,  both  rare  and  frequently  occurring,  have  caused  large  amounts  of  damage 
to  man's  interests  in  floodplain  areas  throughout  history,  and  he  has  constantly 
attempted  to  reduce  this  damage  through  the  use  of  various  types  of  flood  preven- 
tion techniques.  In  the  United  States  ejcpenditures  for  downstream  flood  control 
measures  grew  to  about  $6,500,000,000  in  1966,  however,  average  annual  flood 
damages  continued  on  an  upward  trend  which  began  near  the  turn  of  the  century. 
Annual  flood  losses  in  the  United  States  frequently  exceed  $1, 500, 000, 000.  Pro- 
jections Indicate  that  annual  flood  damage  will  continue  to  increase  markedly  until 
the  year  2000  and  beyond  (Todd,  1970).  This  projected  annual  increase  is  due  to 
the  continued  encroachment  and  development  by  man  on  the  floodplain  in  areas 
susceptible  to  flood  inundation.  In  the  United  States,  it  has  been  estimated  that 
at  least  12%  of  the  population  lives  in  areas  subject  to  periodic  floodii^  (White, 
et  al. , 1958).  Floodplain  occupance  seems  to  be  increasing  at  a more  rapid  rate 
than  the  overall  population  growth  rate  (Sewell,  1969).  Because  of  economic 
pressures  for  development,  better  means  for  logically  restricting  growth  in  high 
flood  hazard  areas  and  for  assessing  flood  damage  where  it  occurs  are  needed. 

Satellites  such  as  the  first  Earth  Resources  Technology  Satellite  (ERTS-1),  with 
high  resolution  sensors  and  repetitive  coverage  capability,  provide  promising 
ways  to  solve  some  of  the  problems  associated  with  mappii^  the  areal  extent  of 
flooding  and  determining  general  flood  susceptibility.  ERTS-1  was  launched 
July  23,  1972  into  a near  polar,  900  km  circular  orbit.  The  orbital  characteris- 
tics of  this  satellite  and  the  capabilities  of  the  on-board  sensors  combine  to  pro- 
vide a system  which  is  capable  of  taking  remotely-sensed  observations  over  any 
given  point  on  the  earth  once  every  18  days  . Since  the  launch  of  ERTS-1,  the 
vast  majority  of  observations  have  been  taken  by  the  Multispectral  Scanner  Sub- 
system (MSS)  in  the  visible  and  near  infrared  wavelengths.  The  MSS  takes  obser- 
vations in  the  0.  5-0. 6,  0.6-0. 7,  0.7-0. 8,  and  0. 8-1.1  pm  portions  of  the  elec- 
tromagnetic spectrum.  The  ability  of  the  MSS  to  resolve  objects  on  the  earth's 
surface  varies  depending  upon  the  geometric  characteristics  of  a given  object 
and  its  contrast  with  surrounding  features,  but  generally  a spatial  resolution 
capability  near  80  meters  is  available.  In  the  0. 8-1.1  pm  spectral  region  water 
and/or  moist  surfaces  contrast  most  sharply  with  dry  soil  or  vegetated  surfaces. 
Therefore,  for  mapping  of  surface  water  and  flood  inundated  areas,  or  areas 
with  relatively  high  soil  moisture  content,  the  0, 8-1.1  pm  spectral  interval  is  the 
best  of  the  ERTS-1  wavelength  bands. 
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Although  there  have  been  a number  of  attempts  to  map  flooded  areas  with  air- 
craft photography,  detection  of  flooding  from  space  has  been  relatively  limited. 
Probably  the  best  cases  until  the  laiinch  of  ERTS-1  were  recorded  on  the  Apollo 
9 mission  in  March  1969.  Robinove  (1971)  reported  that  floodii^  effects  on  the 
Ouachita  River  could  easily  be  observed  whereas  Piech  and  Walker  (1972)  at- 
tempted to  map  the  extent  of  flooding  on  the  Mississippi  River  by  ratiolng  the 
near  infrared  and  visible  green  bands.  ERTS-1  has  recently  been  used  to  map 
major  floods  on  the  Nishnabotna  Rivers  in  Iowa  (Hallberg,  Hoyer,  and  Rango, 

1973)  and  the  Gila  River  in  Arizona  (Morrison  and  Cooley,  1973).  In  both  cases 
correspondence  of  ERTS-1  derived  flood  boundaries  to  boimdaries  obtained  from 
low  altitude  photography  was  excellent.  Additionally,  more  commonly  occurring 
floods  have  been  mapped  using  ERTS-1  on  the  James,  Appomattox,  and  Nottoway 
Rivers  in  Virginia  (Rango  and  Salomonson,  1973).  Flooding  in  the  Mississippi 
River  Basin  in  1973  provided  an  excellent  test  case  for  the  ability  of  ERTS-1  to 
contribute  to, effective  flood  management  on  a major  river  system. 

In  the  Spring  of  1973,  streamflow  in  the  Mississlppi-Mlssouri  River  complex 
reached  the  highest  flood  levels  since  1844  in  some  locations  as  an  estimated  7 
to  11  million  acres  (depending  on  the  source)  were  flooded  from  Illinois  to  Loui- 
siana. The  Mississippi  River  had  been  running  well  above  normal  for  most  of 
the  winter  months  due  to  rainfalls  in  excess  of  200%  of  normal  in  particular  areas. 
The  flooding  situation  reached  the  critical  level  when  a series  of  spring  storms 
brought  additional  heavy  rains  to  the  entire  area  In  March  and  April.  Four  sepa- 
rate crests  moved  through  St.  Louis  including  an  all-time  record  high  of  43.  3 
feet  on  April  28,  1973,  The  Mississippi  River  finally  returned  to  its  banks  at 
St.  Louis  on  May  29.  Another  area  hard-hit  |by  flooding  was  near  Vicksburg  in 
the  delta  region  of  Mississippi.  The  levee  system  along  the  Mississippi  River 
in  this  area  worked  so  well  keeping  the  flood  water  between  the  levees  that  its 
tributaries  backed  up.  Specifically  the  Yazoo  and  Big  Sunflower  Rivers,  also 
nmning  above  flood  stage  and  unable  to  empty  into  the  Mississippi  River,  caused 
massive  backwater  flooding  in  Northwest  Mississippi,  Eighty  percent  of  some  of 
the  counties  in  this  region  were  inundated  by  floodwater.  The  Yazoo  River  at 
Yazoo  City,  Mississippi  did  not  fall  below  flood  stage  until  June  26. 

Further  down  the  Mississippi  River,  the  U.  S.  Army  Corps  of  Engineers  (USACE), 
in  order  to  protect  New  Orleans,  had  to  open  the  Bonnet  Carre  flood  control 
spillway  on  April  8 for  the  first  time  in  23  years.  Later  the  Morganza  spillway 
near  Morganza,  Louisiana  also  had  to  be  opened  to  divert  excess  floodwater  from 
the  Mississippi  into  the  Atchafalaya  Basin.  These  flood  control  systems  con- 
siderably reduced  the  effect  of  flooding  in  the  extreme  southern  portion  of  the 
Mississippi  River  watershed. 

The  major  economic  impact  was  felt  by  agriculture,  not  only  because  of  losses 
of  crops  already  in  the  ground  throughout  the  area,  but  primarily  because 
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farmers  were  unable  to  work  wet  land  and  plant  such  spring  crc^S  as  com,  cot- 
ton, and  soybeans.  As  the  flooding  persisted  the  planting  time  for  corn  and  cot- 
ton was  b3?pas8«i  and  soybeans  became  the  only  feasible  crop  to  plant.  In  some 
areas  such  as  the  Mississippi  delta  region,  the  feasibility  of  plantU^  soybeans 
was  also  in  doubt  because  backwater  was  still  in  some  areas  as  late  as  June  28. 
In  addition  to  agriculture.  Industry  was  also  affected.  As  an  example,  in  Loui- 
siana during  the  flbod  the  state's  petroleum  industry  ms  losing  an  estimated 
$300,000  per  day  as  a result  of  flooded  oil  and  gas  wells. 

On  April  16,  1973  a special  interagency  working  group  cai  Mississippi  River 
Basin  floo<|lng  met  to  outline  proposed  tasks  to  be  tmdertaken  by  the  various 
interested  groups.  The  final  results  will  be  presented  in  an  interagency  report 
on  the  applicability  of  remote  sensing  (primarily  using  the  ERTS-1  and  NOAA-2 
satellites)  to  flood  management  on  the  Mississippi  River.  The  agencies  repre- 
sented at  fhe  April  16  meeting  were  NASA,  USAGE,  The  Nati<»i^  Oceanic  and 
Atmospheric  Administration  (NOAA),  and  various  divisions  of  the  U.  S.  Geologi- 
cal Survey  (USGS),  The  results  presented  in  this  report  document  the  efforts  to 
date  at  NASA's  Goddard  Space  Flight  Center  (GSFC)  In  this  Interagency  Study. 


FLOOD  MAPPING 

Mapping  of  areas  ihimdated  by  flooding  from  space  using  ERlB-l  has  been  at- 
tempted in  lom,  Arizona,  and  Vii^nia  and  proven  successful,  M general,  flood 
area  mapping  usingpnly  the  0.8-1. 1 pm  band  was  used  because  of  the  ease  with 
which  the  flooding  effects  were  evident.  For  flood  maps  produced  In  Vii^nia 
using  ERTS-1  (Rango  and  Salomoiison,  1973),  the  estimated  error  in  dbtainli% 
flbod  ayea  measurements  is  conservatively  evaluated  to  be  less  than  five  percent. 
As  a result,  it  is  felt  that  such  flbod  area  lUapping  on  a regicsml  basis  is  rela- 
tively straight  formrd  and  should  be  accomplished  with  ease  for  the  Mississippi 
River  flood.  Both  the  USAGE  and  the  USGS  have  concentrated  on  this  topic  for  the 
interagency  study.  For  this  reascm  NASA/GSFC  cmly  studied  the  feasibility  of 
flood  mapping  in  a few  test  areas  al<mg  the  Mississippi  River.  Figure  1 presents 
a before  and  after  view  of  the  St,  Louis,  Missouri  area  and  shows  floodii^  in  pro- 
gress on  March  31,  1973  on  the  Illinois,  Missouri,  and  Mississippi  Rivers.  At 
the  time  this  image  was  obtained  the  Mississippi  River  ms  at  a stage  of  38  feet 
and  rising.  One  day  after  the  March  31  ERTS-l  image  ms  taken,  NASA/GSFC 
scientists  analyzed  the  scene  in  about  15  minutes  and,  through  an  October  1,  1972 
-March  31, 1973  comparison  and  manual  planimetering  of  the  mter  In  the  scenes, 
concluded  that  approximately  280, 000  acres  of  land  had  already  been  inundated. 

On  the  same  orbital  pass  as  the  March  31,  1973  St.  Louis  scene,  ERTS-1  over- 
flew eastern  Arkansas  and  detected  flood  effects  on  the  Mississippi  River  and 
some  of  its  tributaries  (e.  g. , the  White,  Black,  St.  Francis,  and  Ouachita 
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Rivers).  Congressman  Alexander  of  Arkansas  requested  NASA  to  aid  him  in  his 
own  evaluation  of  the  areas  affected  Iqr  floodii^  in  Arkansas.  Several  composites 
of  the  region  were  made  (see  Fig.  2),  and  the  area  affected  Iqr  flooding  in  Arkan- 
sas was  estimated  at  1,800,000  acres,  with  only  155,000  acres  flooded'along  the 
Mississippi  River  mainstem.  The  rest  of  the  flooding  occurred  along  flie  tribu- 
taries. Apparently  the  levee  system  along  the  Mississippi  River  was  providing 
adequate  protection,  whereas  flood  areas  on  the  tributaries  pointed  out  locations 
where  new  or  additional  flood  works  mi^t  be  necessary.  Such  an  evaltiation  was 
impossible  before  the  comprehensive,  regional  coverage  from  ERTS-1  became 
available. 

In  our  experience  with  flood  mapping,  it  was  deemed  desirable  to  have  a method 
that  would  objectively  map  the  flooded  region  and  automatically  calculate  the  area 
inundated.  This  would  not  only  allow  more  consistent  mapping  to  be  done  but  also 
remove  the  somewhat  laborious  manual  planimetering  step.  To  do  this  the  Gen- 
eral Electric  Multispectral  Information  Extraction  System  (GEMS) , which  has  the 
ability  to  classify  water  areas  according  to  differences  in  reflectivity  was  employed. 
Figure  Sa  shows  an  areainthe  St.Charles  County  vicinity  as  seen  by  ERTS-1  on  March 
31, 1973  and  used  in  this  analysis.  A cursor  (small  white  rectangle)  which  is  vari- 
able in  size,  shape,  and  location  is  used  for  training  and  subsequent  classifica- 
tion. In  all,  five  separate  classes  of  water  were  obtained  and  are  shown  in  se- 
quence in  Figure  3.  Figure  3b  shows  class  1 in  yellow  and  class  2 in  magenta. 
Figure  3c  shows  classes  1 and  2 siunmed  in  yellow  and  class  3 in  magenta.  Figure 
3d  shows  classes  1,  2,  and  3 summed  in  yellow  and  class  4 in  magenta,  and  Fig- 
ure 3e  shows  classes  1,  2,  3,  and  4 summed  in  yellow  and  class  5 in  magenta. 

The  study  area  shown  in  Figure  3 measures  1225  km^.  Table  1 presents  the  re- 
sults of  the  calculations  of  amoimt  of  area  flooded  by  different  water  classes  in 
St.  Charles  County.  The  total  area  flooded  in  the  study  area  is  265. 2 km^. 


Table  1 

Total  flooded  area  and  sid}-class  areas  as  extracted  from  Figure  3 
(St.  Charles  County,  Missouri) 


Classification 

Percentage  of  Total  Area  (%) 

Area  In  km^ 

Total  study  area 

100.00 

1225.0 

Water  Cl^s  I 

3.14 

38.4 

Water  Class  n 

5.17 

63.4 

Water  Class  m 

6.48 

79.4 

Water  Class  IV 

4.10 

50.3 

Water  Class  V 

2.75 

33.7 

Total  Flooded  Area, 

21.64 

265.2 
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The  various  classes  of  water  are  a result  of  differences  in  depth  and/or  sediment 
load.  Present  research  is  attempting  to  determine  the  relations  of  water  depth 
to  the  GEMS  classification. 

GEMS  was  also  used  for  flood  analysis  in  a backwater  area  in  the  Northwest 
Mississippi  delta  region.  This  area,  mentioned  In  the  Introduction,  is  north  of 
Vicksburg,  Mississippi.  Figure  4a  shows  the  study  area  on  May  5,  1973  under 
floodwater.  The  dark  red  area  in  the  center  of  the  picture  running  from  north 
to  south  is  the  Delta  National  Forest.  Evidence  indicates  ttiat  this  forest  is  also 
flooded,  but  all  that  can  be  seen  is  the  top  of  the  canopy,  except  where  there  is 
a clearing.  The  open  water  in  the  scene  was  classified  similar  to  the  St.  Charles 
County  study  area.  Figure  4b  shows  water  class  1 in  yellow  (13 . 47%  or  165 . 0 km^  ) 
and  water  class  2 in  magenta  (16,60%  or  203. 7 km^).  Figure  4c  shows  water 
classes  1 and  2 summed  in  yellow  and  vrater  class  3 in  magenta  (9, 17%  or 
111.2km^),  The  total  flooded  area  in  the  scene  (image  area  = 1225  km^)  is 
479. 9 km^  excluding  the  area  of  possible  flooding  beneath  the  Delta  National 
Forest.  These  classifications  were  performed  very  rapidly,  and  it  appears  that 
this  method  is  a very  efficient  means  for  calculating  flooded  area. 


FLOOD  EFFECTS  DETECTION 

Various  effects  of  the  Mississippi  flooding  can  easily  be  seen  from  ERTS*-1,  with 
changes  in  surface  water  area  the  most  striking.  In  addition  abnormal  soil 
moisture  levels  can  be  observed  as  areas  of  very  low  near  infrared  reflectivity. 
Figure  5 is  an  ERTS-1  mosaic  of  the  Mississippi  River  Valley  before  flooding 
made  from  October  1-2,  1972  imagery  taken  in  the  0. 8-1.1  pm  wavelength  band. 
Figure  6 in  comparison  is  an  ERTS-1  mosaic  of  the  same  area  constructed  during 
and  after  flooding.  This  flood  mosaic  was  constructed  using  0. 8-1.1  pm  imagery 
taken  in  March  and  May  of  1973  . Areas  of  flooding  can  be  seen  as  very  dark 
tones,  whereas  excessive  soil  moisture  is  shown  as  the  darker  gray  tones  in  the 
floodplain.  The  upland  areas  not  affected  ly  excess  moisture  have  a much  higher 
reflectivity  . An  example  of  this  differential  in  soil  moisture  is  observed  just 
above  center  in  Figure  6.  Crowley's  Ridge,  an  elongated  upland  area  running 
from  norfli  to  south  jxist  west  of  the  Mississippi  River  on  the  floodplain,  is  very 
highly  reflective  and  much  drier  than  the  surrounding,  saturated  lowland  soils 
which  appear  dark.  These  relative  changes  in  soil  moisture  can  be  observed 
before  flooding,  during  the  flood  period,  and  after  the  recession  of  flood  waters. 
The  monitoring  of  antecedent  soil  moisture  in  this  manner  provides  promise  for 
improving  flood  forecasting  if  quantitative  values  can  eventually  be  attached  to 
these  changes.  In  addition,  the  monitoring  of  agricultural  fields  during  flood 
recession  will  provide  an  indication  of  when  plowing  and  planting  may  proceed. 

In  the  St.  Charles  County  area  near  infrared  reflectivity  constantly  Increased 
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(surface  soil  moisture  decreased)  on  consecutive  ERTS-1  passes  on  May  24, 

June  11,  and  June  29.  Roughly  estimating  from  ERlS-1  observations,  initial 
working  of  the  fields  would  have  been  feasible  after  June  11,  1973. 

Some  of  the  more  subtle  effects  of  flooding  have  been  observed  in  the  Mississippi 
River  flood  test  case.  Visual  evidence  that  floodwaters  have  marked  erosive 
potential  is  shown  in  Figure  7.  This  is  a before  and  after  flood  view  of  St. 

Charles  County,  Missouri.  The  area  shown  is  approximately  20  miles  across. 

In  the  October  2,  1972  view  agricultural  field  patterns  are  striking  and  very  reg- 
ular, whereas  on  May  24,  1973  land  patterns  are  drastically  changed.  The 
scouring  effect  of  the  floodwaters  have  reworked  the  agricultural  fields  in  many 
areas  until  most  are  not  recognizable.  Large  swirls  or  scour  scars  remain  as 
evidence  of  the  erosive  effect  of  the  flowing  water.  Such  a picture  enables  a 
rapid,  comprehensive  assessment  of  the  major  areas  affected  by  flooding  which 
was  not  available  before  ERTS-1  was  launched.  Such  observations  will  allow 
county  planners,  for  example,  to  focus  rehabilitation  efforts  in  the  most  critical 
areas  without  having  to  wait  and  assemble  incomplete  reports  from  different 
sources. 

During  flooding,  stream  chaimel  changes  are  likely  and  as  such  the  Mississippi. 
River  was  examined  with  ERTS-1  in  that  regard.  Initial  examination  using 
October  1,  1972  and  May  5,  1973  imagery  did  not  reveal  any  channel  chaises  of 
significance.  Examination  of  ERTS-1  imagery  for  stream  channel  changes  after 
flood  recession  has  not  been  completed  and  may  reveal  some  subtle  changes  not 
visible  on  the  May  5 flood  imagery.  Major  changes  on  the  Mississippi  River  how- 
ever, are  not  likely,  probably  as  a result  of  the  USAGE’S  effective  flood  control 
works,  A more  likely  area  to  observe  Changes  will  be  on  the  major  tributary 
streams  of  the  Mississippi  River  where  flood  control  works  are  not  nearly  as 
comprehensive  as  on  the  mainstem.  Analysis  of  this  sort  is  much  more  compli- 
cated and  is  presently  being  undertaken. 

The  effects  of  flooding  on  vegetation  have  been  noticed  in  the  delta  region  of  Mis- 
sissippi. The  Delta  National  Forest,  as  mentioned  earlier,  was  flooded  in  May 
1973  by  backwater  from  the  Yazoo  and  Big  Sunflower  Rivers.  Using  GEMS  the 
flooded  vegetation  was  classified  as  shown  in  Figure  4.  Figure  4a  shows  the 
Delta  National  Forest  as  it  appears  from  ERTS-1,  Figure  4d  shows  two  classes 
of  flooded  vegetation  - class  1 in  yellow  and  class  2 in  magenta,  and  Figure  4e 
shows  classes  1 and  2 summed  in  yellow  and  class  3 in  magenta.  In  the  lower 
right  corner  of  Figure  4e  is  a red  area  that  remains  essentially  unclassified 
(in  a sense  class  4).  This  is  an  upland  forested  area  that  was  not  affected  by 
flooding.  The  thin  magenta  line  along  the  edge  of  flie  upland  area  is  delineating 
flooded  vegetation  along  the  base  of  tiie  upland  slope.  The  reason  for  the  differ- 
ent classes  of  flooded  forest  vegetation  is  most  probably  due  to  a combination  of 
vegetation  type  differences  and  subtle  but  important  variations  in  elevation. 
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Trees  in  the  lower  areas  of  the  forest  would  be  better  adapted  to  frequent 
flooding,  whereas  those  on  the  slightly  higher  and  drier  ground  (perhaps  natural 
levees)  would  be  more  greatly  stressed  by  this  backwater  flooding.  Itie  moni- 
toring of  this  area  throughout  1973  and  1974  should  provide  some  useful  data  to 
foresters  on  forestal  vegetation  response  to  and  recovery  from  significant 
flooding. 


FLOODPLAINMAPPING 

Floodplain  development  cannot  be  curtailed  entirely,  but  with  flood  susceptibility 
iiq>ut8  for  specific  areas,  zoning  can  be  established  so  as  to  considerably  reduce 
losses  from  floods.  Many  states  already  have  or  are  moving  toward  incorpora- 
ing  into  state  law  some  restrictions  on  floodplain  development  that  are  related  to 
the  expected  areal  extent  of  an  arbitrary  rare  flood.  The  need  for  flood  suscep- 
tibility information  has  also  Increased  because  of  Federal  legislation  such  as 
The  National  Flood  Insurance  Act  of  1968  (Public  Law  90-448).  It  has  been 
agreed,  for  example,  that  the  area  Inundated  by  the  100  year  return  period  flood 
should  define  the  regulatory  area  under  The  Flood  Insurance  Act  (Sheaffer,  Ellis, 
and  Spieker,  1970).  Unfortunately,  very  few  commxmities  have  been  able  to  have 
flood  hazard  reports  prepared  for  their  local  area  and  thus  be  eligible  for  Federal 
Flood  Insurance.  Conventional  floodplain  mapping  is  both  time  consuming  and 
expensive  (about  $400-$6000  per  mile  according  to  Wolman  (1971} ).  It  appears 
necessary  to  develop  new  methods  that  are  faster  and  less  expensive  that  could 
at  the  minimum  be  used  as  supplementary  information  for  extending  existii^  de- 
tailed floodplain  maps  to  nearby  areas,  and  possibly  be  used  to  provide  definitive 
floodplain  information  in  areas  not  previously  surv^ed. 

The  ERTS-1  mapping  of  the  areal  extent  of  flood  inundation  as  already  described 
in  this  paper  establishes  flood  hazard  zones  along  a stream  associated  with  a 
particular  recurrence  interval.  Although  the  mapping  of  an  occasional  flood  is 
an  effective  way  to  delineate  areas  of  flood  susceptibility  on  the  floodplain,  only 
a few  of  these  major  floods  occur  each  year  and  consequently  it  would  take  a 
considerable  length  of  time  to  construct  an  adequate  nationwide  data  base  (espe- 
cially if  the  100  year  flood  was  the  only  return  period  of  interest),  A second 
approach  would  be  to  use  the  comprehensive  coverage  available  from  satellites 
to  map  features  on  the  floodplain  before  a flood  that  may  correspond  to  the  limits 
of  major  floods.  This  approach  has  been  attempted  with  some  success  using 
aerial  remote  sensing  by  Lee,  Parker,  and  MUfred  (1972)  in  Wisconsin.  Bur- 
gess (1967)  has  delineated  a number  of  flood  susceptibility  indicators  that  should 
be  useful  in  airphoto  interpretation.  Considering  the  resolution  of  ERTS-1  and 
the  type  of  features  visible  in  the  Imagery  a certain  number  of  these  flood  sus- 
ceptibility indicators  should  also  be  observable  from  space.  The  following  is  an 
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extracted  list  of  those  indicators  cited  by  Burgess  (1967)  that  would  likely  be 
useful  for  floodplain  mappir^  by  EHTS-1. 

1.  Upland  Physiography 

2.  Watershed  Characteristics  (such  as  shape,  drainage  density,  etc.) 

3.  Degree  of  Abandonment  of  Natural  Levees 

4.  Occurence  of  Stabilized  Sand  Dunes  on  River  Terraces 

5.  Channel  Configuration  and  Fluvial  Geomorphlc  Characteristics 

6.  Backswamp  Areas 

7.  Soil  Moisture  Availability  (this  could  also  be  a short  term  indicator  of 
flood  suseeptibilily) 

8.  Soil  Differences 

9.  Vegetation  Differences 

10.  Land  Use  Boundaries 

11.  Agricultural  Development 

12.  Flood  Alleviation  Measures  on  the  Floodplain 

The  importance  of  the  development  of  floodplain  mapping  using  satellite  data  is 
many  faceted.  First  of  all  this  type  of  mapping  woidd  be  considerably  less  ex- 
pensive than  current  ground  survey  techniques.  Secondly,  because  of  the  com- 
prehensive coverage  available  from  ERTS-1  type  satellites,  many  more  areas 
could  be  mapped  in  a short  period  of  time.  Finally,  as  a result  of  ERTS-1  re- 
petitive coverage,  floodplain  maps  could  be  continually  updated  to  reflect  chang- 
ing land  use  and  cover  types.  If  satellite  flood  mapping  proves  feasible,  a major 
step  would  be  made  in  reducing  flood  danaage  losses.  As  a result  of  the  potential 
importance  and  economic  saving  to  be  realized,  this  aspect  of  floodplain  manage- 
ment was  concentrated  upon  by  NASA/GSFC  personnel. 

The  Spring  1973  floods  in  the  Mississippi  Valley  came  at  an  opportune  time  in 
regard  to  satellite  coverage.  Several  high  resolution  satellites  were  able  to  ob- 
serve the  effects  of  the  flood:  ERTS-1,  NOAA-2,  and  the  U.  S.  Air  Force  DAPP 
satellite  (Data  Acquisition  and  Processing  Program).  Because  of  its  higher  re- 
solution and  greater  number  of  spectral  intervals  only  ERTS-1  was  suitable  for 
floodplain  mapping.  The  Mississippi  River  flood  was  used  as  a study  case  for 
a number  of  reasons.  It  was  a flood  on  a major  U.  S.  river  and  as  a result  the 
effects  were  easily  visible  over  an  extremely  large  area.  Secondly,  without  a 
pre-planned  ground  truth  program,  very  little  ground  information  is  usually 
available  in  such  a satellite  study.  It  was  felt  that  the  avallabiliiy  of  ground 
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observations  without  pre-planning  was  maximized  on  the  Mississippi  River. 

Many  other  federal  and  state  agencies  would  be  Involved  in  flood  related  studies 
that  could  be  used  as  a source  of  information.  Additionally,  most  river  regimes 
and  floodplain  Indicators  found  in  other  sections  of  tiie  eoiaitry  would  probably  be 
found  represented  along  the  Mississippi  River  system.  In  general  it  was  a very 
topical  test  case.  There  are  some  disadvantages,  however,  that  should  also  be 
mentioned.  Most  useful  floodplain  mapping  will  be  done  on  streams  smaller  than 
the  Mississippi.  As  a result  an  attempt  to  transfer  Information  obtained  in  this 
study  to  streams  in  the  state  of  Maryland  is  now  underway.  Secondly,  because 
of  the  comprehensive  flood  control  network  along  the  Mississippi  River  , the 
channel  is  really  not  free  to  respond  to  flood  events  in  a natural  way.  Because 
of  this  confinement,  some  of  the  previously  listed  floodplain  indicators  may  not 
be  pertinent. 

Approach 

The  general  approach  used  in  this  study  is  relatively  simple.  ERTS-1  Imagery 
of  the  flood  was  available  on  a number  of  dates  includii^  March  31,  1973  (western 
half  of  valley)  and  May  5,  1973  (eastern  half).  Using  these  data  as  a base  several 
areas  would  be  selected  where  significant  flooding  was  known  to  have  occurred. 
Pre-flood  imagery  for  these  same  areas  would  then  be  examined,  in  many  cases 
Independently,  to  determine  if  there  are  indicators  on  the  floodplain  that  delineate 
the  areas  susceptible  to  flooding.  Different  regions  would  be  tested  to  determine 
if  there  is  some  sort  of  consistency  that  would  allow  tiie  identification  of  a gen- 
eral set  of  indicators. 

In  addition  to  comparing  flood  prone  areas  obtained  from  analysis  of  the  pre- 
flood imagery  with  the  actual  flooded  areas,  flood  hazard  maps  are  also  available 
for  various  areas  along  the  Mississippi  River.  These  maps  constructed  by  the 
USAGE  or  the  USGS  delineate  the  areas  that  would  be  intmdated  by  a 100  year  re- 
turn period  flood  (and  sometimes  the  project  flood  which  may  be  expected  to  re- 
sult from  the  most  severe  combination  of  meteorological  and  hydrological  con- 
ditions). Although  these  boundaries  may  not  always  be  accurate,  they  provide 
good  large  scale  data  for  comparison  with  the  ERTS-1  pre-flood  imagery. 

The  areas  selected  for  study  along  the  Mississippi  River  on  the  basis  of  clear 
ERTS-1  Imagery  (both  before  and  after  flooding)  and  available  flood  hazard  maps 
are  as  follows;  1)  Greenville- Vlcksburg-Natchez,  Mississippi  area,  2)  Cairo, 
Illinois  to  Memphis,  Tennessee  area,  and  3)  St.  Charles  Couniy,  Missouri  area. 
These  study  areas  are  outlined  in  Figure  5.  In  study  areas  1 and  2 various  sub 
areas  were  used  for  training  purposes,  i.e. , all  available  data  were  used  to 
determine  the  floodplain  indicators  that  best  corresponded  to  the  limits  of  flood- 
ing according  to  ttie  ERTS-1  imagery  and  to  the  100  year  flood  boundaries  taken 
from  the  flood  hazard  maps.  Other  sub  areas  were  used  as  controls,  i.e. , only 
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the  pre-flood  imagery  was  examined  and  flood  hazard  mapping  performed  from 
it  alone.  These  ERTS-1  flood  hazard  maps  were  then  subsequently  compared 
to  the  USAGE  and  USGS  flood  hazard  maps  and  the  ERTS-1  flood  imagery.  In 
study  area  3,  flood  hazard  mapping  was  conducted  for  the  entire  St.  Charles 
County  area  from  the  pre-flood  imagery  alone.  This  also  was  compared  to 
existing  flood  hazard  maps  and  post-flood  imagery. 

These  mapping  efforts  were  conducted  primarily  at  an  original  scale  of 
1:1,000,000.  In  study  areas  2 and  3,  however  , some  of  the  ERTS-1  imagery  was 
first  enlarged  to  scales  of  1:250,  000  and  1:100,000  and  the  mapping  then  per- 
formed. Additionally,  GEMS  was  used  for  floodplain  mapping  at  1:1,000,000  and 
1:250,000  scales. 

Results 

Study  area  1 was  examined  first  to  e^qilore  the  general  feasibility  of  using  flood- 
plain  features  visible  from  space  to  identify  the  relative  flood  susceptlbillfy  of  a 
particular  area.  Using  ERTS-1  imagery  obtained  on  September  13,  1972  (ID 
1052-16064)  it  was  apparent  that  the  Mississippi  delta  region  north  of  Vicksburg 
would  be  an  interesting  test  case.  Using  a color  composite  of  this  ERTS-1 
scene  (Fig.  8)  several  areas  of  Interest  were  identified.  The  very  light  pink 
tones  in  the  left  half  of  the  scene  that  tend  to  be  located  along  the  smaller  rivers 
in  the  delta  region  have  been  identified  as  natural  levee  systems.  These  struc- 
tures result  when  a sediment  laden  stream  floods  and  the  sediment  is  allowed  to 
settle.  The  coarsest  material  is  deposited  near  the  stream  whereas  the  fine 
material  remains  in  suspension  lot^er  and  finally  falls  out  on  the  floodplain  pro- 
per. The  coarse  material  builds  up  steadily  and  tends  to  make  the  areas  along 
the  stream  channels  5-10  feet  higher  than  the  adjacent,  lower-lying  bottomlands. 
The  very  light  pink  tones  were  confirmed  as  natural  levees  by  comparison  with 
a general  soils  map  of  Northwest  Mississippi  (U.  S.  Soil  Conservation  Service, 
1972)  and  throu^  conversations  with  the  personnel  of  the  Vicksburg  office  of  the 
USAGE.  These  natural  levee  areas  were  mapped  and  appear  in  yellow  in  Figure 
8.  Additionally,  the  relatively  sharp  boundary  between  red  and  pink  tones  run- 
ning north  to  south  near  the  center  is  actually  the  division  between  older  upland 
geologic  structures  on  the  right  and  younger  unconsolidated  floodplain  materials 
on  the  left.  This  upland  boundary  with  a relative  relief  of  a few  hundred  feet  is 
very  evident  because  of  a sharp  vegetation  change  associated  with  it.  As  such 
it  marks  a zone  of  transition  between  areas  of  low  and  high  flood  susceptlbilify 
and  consequently  was  mapped  in  Figure  8. 

Two  other  flood  related  significant  features  were  obseirved  in  Figure  8.  The 
first  is  the  artificial  levee  system  extendli^  along  the  Mississippi  River  and 
some  of  its  tributaries.  These  levees  are  easily  observed  as  light  pink  lines  or 
areas  of  sharp  vegetation  changes  and  were  mapped  in  Figure  8.  Secondary 


1137 


levees  along  some  of  the  tributaries  were  not  easily  observed  in  the  S^tember 
13  image  and  as  a result  were  not  mapped.  The  oflier  feature  is  the  Vicksburg 
Industrial  Park  udiich  is  seen  as  a crescent-shaped,  highly  reflective  region 
located  northwest  of  Vicksburg.  This  area  has  been  flood  proofed  and  as  such 
is  not  very  susceptible  to  floodii^. 

Observing  the  same  area  during  flood  in  Figure  9,  which  is  a diazo  color  com- 
posite of  the  MSS  0.6-0. 7 fim.  and  0. 8-1.1  (im.  wavelength  bands,  allows  evalua- 
tion of  the  designated  non-flood  prone  areas  in  Figure  8.  It  is  initially  ai^arent 
that  the  upland  boundary  provides  an  effective  separation  between  flood  prone 
and  non-flood  prone  lands.  Secondly,  most  of  the  natural  levee  system  delineated 
in  Figure  8 remains  above  water  whereas  the  adjacent  lowlands  are  flooded.  The 
exception  to  this  is  the  area  just  north  of  Vicksburg  where  some  of  the  natural 
levees  have  been  inundated.  This  is  due  to  the  fact  that  the  backwater  was  usu- 
ally deep  here— on  the  order  of  20  feet.  Although  it  appears  that  the  artificial 
levees  have  generally  contained  the  Mississippi's  flow,  their  effectiveness  has 
been  minimized  by  the  backwater  encroaching  upon  them  from  the  rear  in  many 
areas.  Finally,  the  Vicksburg  Industrial  Park  in  Figure  9 stands  out  in  contrast 
to  the  surrotmding  floodwater  as  predicted.  This  simple  mapping  and  comparison 
was  encouraging  with  regard  to  the  ability  of  remotely  sensed  floodplain  features 
to  be  useful  indicators  of  flood  susceptibility.  Consequently,  we  Investigated 
this  area  in  more  detail  using  the  GEMS  system  and  also  proceeded  to  map  flood 
prone  regions  in  the  specific  study  areas. 

Figure  10a  shows  a small  portion  (approximately  1225  km^ ) of  the  September  13 
ERTS-1  scene  which  features  the  sharp  upland  boundary  (Area  1).  The  GEMS 
system  was  trained  on  both  the  iq>land  area  and  the  lower  floodplain.  The  con- 
trasting GEMS  classification  of  the  two  areas  in  the  scene  is  shown  in  Figure  10b. 
The  yellow  areas  are  Indicative  of  upland  spectral  response  and  the  magenta 
areas  are  lowland  signatures.  Area  2 in  Figure  10a,  which  is  also  approximately 
1225  km  , was  used  to  illustrate  GEMS  classification  of  two  types  of  natural  levee 
systems.  In  Figure  10c  approximately  9.19%  (112. 5 km^)  of  the  GEMS  scene  is 
natural  levee  class  1 (yellow)  and  7.50%  (92^.0km^)  is  natural  levee  class  2 
(magenta).  A possible  third  class  of  natural  levees  is  evident  in  the  bottom  cen- 
ter of  the  image.  These  GEMS  classifications  were  enlarged  to  1:250,000  scale 
for  analysis. 

Figure  11  shows  a segment  of  the  May  5,  1973  flooding  scene  in  the  same  area. 
The  GEMS  classification  of  the  natural  levees  is  shown  (10.09%  or  123. 7 km^), 
and  they  are  very  visible  evidence  that  these  areas  are  not  as  susceptible  to 
flooding  as  <he  surrounding  lower  areas.  The- results  here  indicate  that  space- 
borne  remotely  sensed  data,  in  combination  with  an  image  display  and  informa- 
tion extraction  system,  can  be  used  to  objectively  map  flood  hazard  areas. 


1138 


With  the  general  success  of  this  approach  to  mapping  floodplain  features  in  mind, 
attempts  were  made  in  each  of  the  study  areas  outlined  in  Figure  5 to  map  fea- 
tures that  would  serve  as  indicators  of  tiie  100  year  flood  boundaries.  Becaxise 
study  area  2 had  a relatively  complete  set  of  conventional  flood  hazard  maps 
along  the  Mississippi  River  from  Cairo,  Illinois  to  Memphis,  Tennessee,  it 
was  used  initially  to  evalxiate  the  ability  of  ERTS-1  to  delineate  the  floodplain 
areas  subject  to  major  flood  inundation.  Using  flood  hazard  information  reports 
prepared  by  the  USAGE  at  1:62,500  map  scale  for  the  Missouri  Water  Resources 
Board  from  Cairo,  Illinois  to  Midway,  Tennessee  and  USGS  flood  prone  area 
maps  at  1:24,000  and  1:62,500  map  scales  from  Midway,  Tennessee  to  Memphis, 
a number  of  specific  small  study  areas  were  chosen.  The  following  sub  areas 
were  chosen  for  training  purposes:  Cairo,  Illinois  to  Portageville,  Missouri; 
Caruthersvllle,  Missouri  to  Randolph,  Tennessee;  and  the  Memphis,  Tennessee 
area.  Two  sub  areas  were  chosen  for  control  efforts,  i.e. , mapping  of  the 
flood  hazard  areas  using  only  the  pre-flood  ERTS-1  Imagery.  These  two  control 
sub  areas  extend  from  Portageville,  Missouri  to  north  of  Caruthersville,  Mis- 
souri and  from  Randolph,  Tennessee  to  north  of  Memphis. 

Figure  12  presents  the  actual  mapping  done  in  both  the  training  and  control  sub 
areas  of  study  area  2.  In  the  training  areas  the  solid  lines  on  either  side  of  the 
Mississippi  River  represent  the  significant  flood  boundaries  (approximately  the 
100  year  flood)  constructed  using  the  October  1,  1972  ERTS-1  data  in  coordina- 
tion with  the  May  5,  1973  ERTS-1  flood  data  and  the  USAGE  and  USGS  flood  ha- 
zard maps.  The  training  areas  were  mapped  first  and  very  little  difficulty  was 
encountered  photographically  correlating  various  floodplain  features  to  the  ex- 
pected limits  of  flooding.  Using  the  knowledge  gained  in  these  training  exercises 
the  control  area  flood  hazard  mapping  was  attempted  using  only  the  October  1 
imagery  at  1:1, 000, 000  map  scale.  The  dashed  lines  Indicate  the  significant 
flood  boundaries  (again  approximately  the  100  year  flood)  constructed  in  the  con- 
trol areas,  There  was  no  problem  in  joining  these  flood  hazard  boundaries  to 
the  connecting  training  areas.  Further,  when  these  control  area  flood  hazard 
boundaries  were  compared  to  the  USAGE  and  USGS  flood  hazard  maps  the  loca- 
tion of  the  boundaries  were  identical  with  only  a few  minor  deviations. 

As  an  example  of  this  comparison.  Figure  13  presents  both  the  Portageville  con- 
trol area  flood  hazard  mapping  using  ERTS-1  data  at  1:1, 000, 000  scale  and  the 
USAGE  1:62,500  scale  flood  hazard  map  of  the  same  area.  The  square  box  in 
the  upper  left  hand  section  of  the  ERIS-1  derived  flood  hazard  map  correspcHids 
to  the  same  area  as  shown  in  the  USAGE  map  on  the  right.  One  can  quickly  ob- 
serve that  the  USAGE  flood  hazard  boundaries  are  much  more  detailed  than  the 
ERTS-1  boundaries  because  of  the  difference  in  scale.  Both  boundaries,  how- 
ever, are  in  close  agreement  generally,  and  it  appears  that  the  ERTS-1  flood 
hazard  boundaries  provide  a reasonable  approximation  of  the  more  detailed  and 
expensive  USAGE  product.  There  appears  to  be  a minor  boundary  difference  in 
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the  vicinity  of  the  Reelfoot  National  Wildlife  Reftige.  This  is  probably  due  to  a 
lack  of  enough  ERTS-1  floodplain  information  in  this  area,  althoi^h  there  is  tiie 
possibility  of  some  discrepancy  in  the  USAGE  map.  Because  the  USAGE  sur- 
veys are  costly  they  are  mostly  confined  to  the  main  channel  of  the  Mississippi. 
The  ERTS-1  image  used  for  mapping,  however,  revealed  that  because  of  the  entry 
of  a major  tributary  south  of  the  town  of  Ridgely,  Tennessee  combined  with  a 
solid  line  of  MIssissfH)!  River  mainline  levees  to  the  west  and  the  upland  bound- 
ary to  the  east,  the  potential  for  backwater  flooding  was  high.  This  was  not  indi- 
cated on  the  USAGE  map.  When  the  ERTS-1  May  5 flood  imagery  v^s  examined 
in  this  particular  area  flooded  backwater  areas  existed.  This  demonstrates  one 
way  in  which  remotely  sensed  data  can  be  used  to  update  or  improve  existing 
flood  hazard  maps.  The  areas  where  backwater  flooding  is  likely  have  been  in- 
dicated in  Figure  12. 

What  are  the  floodplain  features  visible  from  ERTS-1  that  permit  the  positioning 
of  these  flood  hazard  boundaries  ? Generally  they  are  features  that  have  resulted 
from  the  occurrence  of  past  floods  in  a particular  area  , or  from  flood  protection 
that  a particular  region  may  experience.  Specifically  they  are  as  follows: 

1.  Natural  levee  systems  can  be  distinguished  on  the  Mississippi  River 
floodplain  as  light  tones  probably  contributed  to  by  soil  and  vegetation 
differences. 

2.  Soil  differences  can  be  observed  from  ERTS-1  and  can  be  used  as  indi- 
cators. Lowland  soils  indicate  areas  of  flood  susceptibility.  In  the  back- 
water area  north  of  Vicksburg,  at  least  75%  of  the  flooded  areas  were 
areas  possessing  lowland  soil  tsrpes.  The  other  25%  occurred  in  areas 
where  the  backwater  was  so  deep  that  all  soils  were  inundated.  One  pro- 
blem that  Is  involved  here  is  obtaining  imagery  from  ERTS-1  at  a time 
when  soil  features  can  easily  be  observed. 

3.  Upland  boundaries  in  the  Mississippi  Valley  are  very  prominent  and  can 
be  easily  distinguished  by  strong  vegetation  contrasts.  Vegetation  pat- 
tern dltierences  are  noticeable  as  is  the  more  lush  growth  associated 
with  the  upland  area. 

4.  Agricultural  pattern  differences  are  readily  apparent  and  are  mostly  a 
result  of  the  decreased  likelihood  of  flooding  behind  levee  systems.  Well 
organized  field  patterns  indicate  the  areas  not  so  likely  to  flood  whereas 
less  organization,  larger  haphazard  fields,  more  wild  areas,  and  heavy 
vegetation  growtii  indicate  the  flood  prone  areas. 

5.  Artificial  levee  systems  indicate  where  there  is  less  of  a chance  of 
flooding.  The  public  has  responded  to  these  improvements  by  moving 
in  behind  the  levees  with  towns  and  agriculture.  The  strong  contrast 
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between  the  organized  fields  and  the  non-organized  areas  tends  to  en- 
hance the  observation  of  the  levee  systena* 

6.  Special  flood  alleviation  measures  in  urban  areas  such  as  flood  proofing 
of  industrial  parks  is  readily  apparent  as  highly  reflective  areas . In 
some  of  these  areas  individual  buildings  can  be  observed. 

7.  Channel  configuration  and  possible  backwater  areas  can  be  observed 
where  major  tributaries  enter  the  floodplain  of  the  Mississippi  River  , 
especially  where  the  Mississippi  is  well  surrounded  by  levees. 

From  our  experience  on  the  Mississippi  River  floodplain,  it  appears  that  most 
effective  mapping  can  be  done  only  after  the  dormant  season  arrives  in  Autumn. 
Summer  vegetation  growth  in  these  areas  is  so  lush  that  the  ERTS-1  imagery 
does  not  allow  much  discrimination  amoi^  surface  features.  Autumn  Imagery 
allows  you  to  map  floodplain  surface  features  much  more  easily.  In  this  regard 
the  October  1 and  2,  1972  ERTS-1  passes  over  the  Mississippi  Valley  were  out- 
standing. The  September  13,  1972  ERTS-1  imageiy  was  also  excellent  for  map- 
ping the  natural  levee  systems  in  the  Mississippi  delta  region.  August  1972  im- 
agery over  the  Mississippi  Valley  was  clear,  however,  ability  to  detect  surface 
features  was  poor.  In  general  Spring  imagery  after  agricultural  fields  have  been 
plowed  should  be  best  for  showing  soil  differences.  The  flooding  during  Spring 
1973,  however,  did  not  allow  confirmation  of  this  hypothesis. 

Study  area  1 was  next  selected  to  test  the  ERTS-1  flood  hazard  mapping  techni- 
ques developed  in  study  area  2 and  to  verify  if  the  same  indicators  just  listed 
were  pertinent.  Two  training  areas  were  selected  based  on  availability  of  USAGE 
flood  hazard  maps.  The  floodplain  areas  near  Vicksburg  and  Greenville,  Mis- 
sissippi were  designated  training  areas  because  the  USAGE  had  compiled  flood 
information  reports  for  these  communities.  The  Natchez,  Mississippi  area  was 
selected  as  the  control  mapping  area.  The  mapping  of  the  Vicksburg  area  was 
relatively  simple  because  the  major  flood  susceptibility  indicator  was  the  upland 
boundary  which  can  be  easily  traced  from  ERTS-1.  It  was  of  interest  that  the 
flood  proofed  Vicksburg  Industrial  Park  and  the  Mississippi  Power  and  Light 
Facility  were  easily  mapped,  as  were  elevated  Indian  mounds  along  the  base  of 
the  upland  boundary.  No  difficulties  were  encountered.  The  Greenville  area  was 
considerably  more  complex  because  there  were  no  major  topographic  boundaries 
■in  the  vicinity.  Results  were  encouraging,  however.  The  levees  protecting  the 
city  of  Greenville  were  easily  observed  by  ERTS-1  and  provided  a definitive  way 
to  determine  how  far  Mississippi  floodwaters  would  encroach  on  the  city  from 
the  west.  The  lowland  areas  subject  to  flooding  behind  the  levees  had  distinctly 
darker  tones  on  the  ERTS-1  imagery.  Even  though  the  USAGE  flood  hazard  map 
was  at  1:10,  000  map  scale,  most  of  the  same  flood  prone  areas  could  be  detected 
on  tiie  1:1, 000, 000  scale  ERTS-1  imagery.  A light  tonal  area  northeast  of 
Greenville  that  was  determined  to  be  not  susceptible  to  flooding  is  one  of  the 
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natural  levees  (along  Deer  Creek)  previously  discussed,  "The  Greenville  Harbor 
Project  area  can  be  naapped  on  both  the  pre-  and  post-flood  EETS-1  Ims^ery. 

The  flood  imagery  is  of  such  high  quality  that  individual  buildings  can  be  picked 
out  in  this  flood  proofed  area.  In  both  of  these  trainii^  cases  the  pre-flood 
ERTS-1  imagery,  the  USAGE  flood  hazard  maps,  and  ERTS-1  May  5,  1973  flood 
imagery  were  all  used  to  determine  the  ERTS-1  features  that  were  useful  indi- 
cators of  the  potential  for  flooding.  They  appeared  to  be  the  same  as  established 
in  study  area  2. 

The  control  area  flood  hazard  mapping  in  the  vicinity  of  Natchez  was  performed, 
as  in  study  area  2,  using  only  the  October  1,  1972  ERTS-1  imagery.  This  was 
then  compared  to  the  USAGE  flood  hazard  maps  and  the  May  5,  1973  ERTS-1  flood 
imageiy  in  this  region  to  determine  the  accuracy  of  the  control  mapping.  The 
USAGE  in  the  Vicksburg  District  indicate  that  tills  May  1973  event  was  approxi- 
mately a 75  year  return  period  flood.  Figure  14  presents  the  results  of  the 
ERTS-1  flood  hazard  mapping  along  the  Mississippi  River.  The  significant  flood 
boimdarles  in  Figure  14  corresponded  to  the  100  year  flood  boundaries  presented 
by  the  USAGE,  except  in  the  area  of  Catherine  Creek  which  was  not  easily  visi- 
ble on  the  ERTS-1  image.  Tliis  tributary  error  is  indicated  in  Figure  14  with  a 
dashed  line.  There  are  oil  fields  Inside  the  significant  flood  boundaries  that  were 
inimdated  by  the  Spring  flood.  The  conclusion  here  is  that  ERTS-1  can  be  used 
to  construct  regional  flood  hazard  maps  in  this  area  where  additional  floodplain 
information  is  needed.  The  next  question  to  be  answered  is  at  what  map  scale  can 
this  be  done  ? 


Study  area  3 included  all  of  St,  Charles  County,  Missouri,  Because  of  the  pro- 
misii^  results  obtained  in  study  areas  1 and  2,  it  was  decided  to  construct  an 
ERTS-1  flood  hazard  map  for  the  entire  study  area  using  only  October  2,  1972 
imagery  and  then  compare  it  with  USGS  flood  prone  area  maps  and  ERTS-1  flood 
imagery.  In  addition,  to  help  determine  the  scale  at  which  the  mapping  can  be 
done,  both  1:250,000  and  1:100,000  scale  map  products  were  used.  It  was  deci- 
ded to  restrict  the  floodplain  mapping  to  the  areas  along  the  Mississippi,  Mis- 
souri, and  Illinois  Rivers.  Initially  it  was  apparent  that  a considerable  amount 
of  detail  was  present  on  both  the  1:250,000  and  1:100,000  scale  color  composites. 
More  detailed  mapping  was  possible  as  one  progressed  from  1:1,000,000  down 
to  1:100,000  scale  images.  Figure  15  presents  the  results  of  the  ERTS-1  flood 
hazard  mapping  for  St.  Charles  County  at  1:100,000  scale  from  a color  compos- 
ite print.  For  comparison  examine  Figure  16  which  is  a composite  of  ten  USGS 
flood  prone  area  maps  showing  100  year  flood'  boundaries  for  most  of  the  same 
area.  Very  good  correlation  exists  between  the  ERTS-1  derived  map  and  the 
products  of  the  USGS.  As  indicated  in  Figure  15  there  are  a few  areas  of  dif- 
ferent interpretations  in  the  positioning  of  the  significant  flood  boundaries. 

There  are  five  places  where  there  is  a possible  error.  One  of  these  is  a region 
where  a secondary  levee  systepi  exists  which  makes  the  area  appear  non-flood 
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prone.  Under  significant  flooding  such  as  the  100  year  return  period  flood  it 
may  in  fact  become  inundated.  Because  the  flooding  observed  by  ERTS-1  near 
St.  Charles  County  did  not  approach  the  100  year  frequency,  it  was  not  possible 
to  check  this  out.  The  other  four  areas  of  possible  error  are  most  likely  just 
interpretation  differences,  however,  it  may  be  possible  that  some  error  exists 
in  the  USGS  map  product.  At  this  time,  it  is  probably  best  to  assume  that  the 
errors  result  from  a lack  of  detail  in  the  ERTS-1  imagery  until  proven  otherwise. 

GEMS  analysis  of  the  St.  Charles  County  floodplain  area  produced  results  com- 
parable to  the  inteitpretation  shown  in  Figure  15 . It  should  be  mentioned  that 
areas  outside  the  main  floodplain  were  also  classified  by  GEMS  as  flood  prone. 
Most  of  these  occurred  in  the  St.  Louis  urban  area.  Although  it  is  not  much  of 
a problem  when  the  study  area  is  restricted  to  the  floodplain,  it  may  be  trouble- 
some when  using  the  GEMS  classification  in  an  unfamilar  area. 

Conclusions 

ERTS-1  pre-flood  imagery  of  the  Mississippi  delta  region  reveals  relatively 
high  reflectance  areas  that  correspond  to  natural  levee  systems  which  are  5-10 
feet  above  the  average  elevation  of  the  floodplain.  These  areas,  which  have  algo 
been  mapped  using  the  GEMS  system^  are  not  flood  prone  as  indicated  by  the 
May  5,  1973  flood  imagery  of  this  area  and  USAGE  flood  hazard  maps.  In  fact 
a general  mapping  of  the  flood  susceptible  areas  from  the  September  13,  1972 
ERTS-1  data  is  confirmed  by  the  ERTS-1  flood  images.  As  a result  of  this  exer- 
cise, flood  hazard  mapping  using  ERTS-1  imagery  was  attempted  in  three  study 
areas  along  the  Mississippi  River.  The  areas  ejqpected  to  be  inundated  by  sig- 
nificant flooding  (in  this  case  approximately  the  100  year  flood)  were  generally 
delineated  successfully,  many  times  from  pre-flood  ERTS-1  images  alone.  Most 
ERTS-1  mapping  was  dene  at  1:1, 000,000  scale  and  compared  very  favorably 
with  large  scale  flood  hazard  maps  produced  by  the  USAGE  and  USGS,  In  the 
St.  Charles  Coimty  area  ERTS-1  determination  of  flood  susceptibility  was  per- 
formed at  both  1:250,000  and  1:100,000,  allowing  a much  more  detailed  delinea- 
tion of  the  flood  prone  areas.  The  floodplain  features  used  as  ERTS-1  indicators 
of  flood  susceptibility  are  natural  levee  systems,  soil  differences,  upland  bound- 
aries, agricultural  pattern  and  vegetation  differences,  artificial  levee  systems, 
special  flood  alleviation  measures  in  urban  areas,  and  backwater  areas. 


APPLICATIONS 

By  possessing  the  ability  to  rapidly  survey  the  extent  of  flooding  from  space 
with  ERTS-1,  a new  regional  flood  assessment  tool  is  available.  Never  before 
has  such  a complete  picture  of  flooding  on  a major  stream  been  observed  as  was 
the  case  with  ERTS-1  observations  of  the  Spring  1973  Mississippi  River  flood. 
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The  value  of  this  new  tool  for  flood  management  Is  multi-faceted.  First,  by 
having  a comprehensive  picture  of  flooding  over  the  whole  river  valley,  the  areas 
of  maximum  flooding  extent  can  be  determined,  thus  focusing  initial  relief  efforts 
on  these  hardest  hit  areas.  This  application  would  be  most  pertiaent  in  a hydro- 
logically  data-sparse,  developing  country.  In  the  United  States,  however,  the 
value  rests  in  the  fact  that  the  areas  of  extensive  flooding  point  out  locations 
where  additional  flood  control  works  may  be  necessary,  e.g. , ERTS-1  showed 
flooding  to  be  more  extensive  on  the  Mississippi  River  tributaries  then  on  the 
mainstem. 

Several  Federal  agencies  (USAGE  and  USGS)  have  as  part  of  their  tasks  the  job 
of  flood  assessment.  Using  ERTS-1  data  they  have  been  able  to  regionally  as- 
sess the  extent  of  the  Mississippi  River  flood  (e.g. , see  Deutsch,  et  al. , 1973). 
Although  the  regional  approach  using  ERTS-1  will  not  answer  questions  about  the 
flooding  of  specific  fields  and  the  exact  location  of  flood  boundaries,  the  results 
are  extremely  useful  for  aiding  in  the  planning  of  flood  recovery  efforts.  In  fact 
it  has  been  speculated  that  knowing  the  general  areas  where  flooding  took  place 
will  reduce  the  number  of  erroneous  flood  damage  claims.  It  appears  that  there 
will  still  be  a need  for  groxmd-based  high  water  surveys  in  specific  areas  of  in- 
terest, but  even  here  ERTS-1  has  a role  to  play.  Conversations  with  personnel 
of  the  Vicksburg  District  of  the  USAGE  revealed  that  numerous  aircraft  flights 
are  usually  employed  to  select  the  areas  for  the  ground  surveys  of  major  flood 
events.  The  USAGE  personnel  indicated  that  the  ERTS-1  imagery  of  the  flood 
would  be  used  to  locate  these  ground  survey  areas  much  more  economically 
than  previously  possible. 

Although  flood  mapping  at  1:1,000,000  or  1:250,000  scale  performs  a useful  re- 
gional function,  it  is  not  sufficient  to  enable  insurance  companies  to  settle  claims. 
The  use  of  the  ERTS-1  digital  data  may  help  to  solve  this  problem.  Our  Initial 
early  results  indicate  that  digital  mapping  is  possible  at  the  1:62,500  scale  at  a 
minimum  (and  perhaps  even  at  the  1:24,000  scale).  This  type  of  mapping  would 
indeed  be  approaching  a scale  commensurate  with  claim  settlements.  Improve- 
ments to  be  expected  on  future  earth  resources  satellites  such  as  higher  resolu- 
tion and  increased  frequency  of  coverage  will  help  solve  this  problem  of  insur- 
ance settlements,  improve  general  flood  mapping,  and  allow  more  accui*ate 
positioning  of  flood  crests  in  different  parts  of  a river  basin. 

Other  results  obtained  in  this  study  have  implications  for  improved  flood  damage 
assessment.  Initial  results  using  the  GEMS  system  in  St.  Gharles  Gounly,  Mis- 
souri and  the  Mississippi  delta  region  indicate  that  ERTS-1  may  have  the  ability 
to  detect  differing  depths  of  floodwaters.  If  this  is  the  case,  and  it  is  presently 
being  investigated,  then  the  flood  damage  assessment  model  used  by  the  USAGE 
would  be  provided  with  a new  data  source.  Flood  damage  is  computed  on  the 
basis  of  the  kind  of  development  in  an  area  versus  the  water  depth.  This  water 
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depth  is  obtained  rapidly,  some  times  by  pictures  taken  from  a moving  auto- 
mobile. If  results  are  positive,  ERTS-1  data  could  be  incorporated  into  damage 
assessment  techniques.  The  fact  that  ERTS-1  was  able  to  detect  differing  re- 
flectivities of  similar  vegetation  following  flooding  provides  a possible  way  of 
evaluating  the  extent  of  flooding  under  heavy  vegetation  cover.  In  addition  tem- 
poral monitoring  of  flooded  vegetation  reflectances  will  be  an  aid  in  evaluating 
the  long  term  effects  of  flooding. 

Floodplain  management  research  is  a topic  in  water  resources  which  is  currently 
drawing  the  attention  of  the  Committee  on  Water  Resources  Research  (COWRR) 
of  the  Federal  Council  for  Science  and  Technology.  COWRR  has  selected  this 
topic  as  extremely  critical  and  will  focus  on  it  in  an  attempt  to  outline  the  re- 
search necessary  to  accomplish  major  objectives  in  floodplain  management. 

There  is  the  possibility  of  COWRR  selecting  a regional  research  project  area 
for  such  a study.  The  two  mentioned  possibilities  are  the  Lower  Mississippi 
Basin  or  the  North  Atlantic-New  England  Region.  COWRR  will  consider  remote 
sensing  as  a possible  way  of  helping  meet  some  of  their  research  goals. 

Satellite  remote  sensing  such  as  that  available  from  ERTS-1  can  be  used  as  a 
regional  floodplain  mapping  and  planning  tool  that  will  help  reduce  flood  damages. 
Although  some  sections  of  the  major  floodplains  in  the  U.  S.  have  been  surveyed 
for  flood  susceptibility,  many  areas  have  not  and  will  not  be  surveyed  in  the  near 
future.  Photographically,  ERTS-1  can  be  used  at  a scale  of  1:100,000  to  map 
flood  susceptible  areas  on  floodplains.  At  this  scale  ERTS-1  can  be  used  on 
a regional  basis  as  an  input  to  floodplain  zoning.  ERTS-1  can  locate  the  areas 
susceptible  to  flooding  and  their  relationship  to  "safe"  areas.  As  such  ERTS-1 
mapping  can  be  used  to  guide  development,  e.g. , ERTS-1  could  be  used  to  locate 
the  sites  of  new  planned  cities  like  Columbia,  Maryland,  In  areas  where  towns 
already  exist,  further  expansion  could  be  more  logically  regulated.  If  the  desir- 
ability of  development  of  a specific  area  was  in  question,  then  ground  surveys  or 
low  altitude  aircraft  flights  could  be  made.  ERTS-1,  however,  could  eliminate 
the  need  for  many  of  these  surveys.  Currently  performed  by  the  USACE  or 
uses,  floodplain  ground  surveys  Cost  from  $400-$6000  per  mile  depending  on  the 
area.  Similar  surveys  from  ERTS-1  total  oiily  the  cost  of  about  one  man  hour. 

In  areas  where  some  detailed  ground  information  on  the  floodplain  has  been  com- 
piled, ERTS-1  data  can  be  used  to  extend  this  information  into  unmapped  regions 
and  thus  provide  preliminaiy  information  to  help  guide  development.  This  would 
both  reduce  the  cost  of  surveys  and  also  provide  a sensible  way  to  regulate  man's 
ever  increasing  encroachment  on  the  floodplain.  A variation  of  this  approach 
would  be  to  use  ground  surveyed  areas  available  from  the  USACE  or  USGS  as  a 
form  of  ground  truth.  Computer  programs  utilizing  ERTS-1  digital  data  could 
use  these  areas  as  training  sites  and  then  extend  the  analysis  into  the  surrounding 
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region  at  the  1:62,500  map  scale.  This  would  provide  an  objective  and  very 
cost  effective  way  to  use  remote  sensing  as  a viable  input  for  floodplain 
management. 

Because  the  flood  hazard  boundaries  delineated  using  EHTS-1  data  are  approx- 
imately equal  to  the  100  year  flood  boundaries,  ERTS-1  could  be  used  to  assist 
in  performing  surveys  necessary  for  communities  to  qualify  for  the  Federal 
Flood  Insurance  program.  Such  surveys  would  have  to  be  performed  using 
ERTS-1  digital  data  at  1:62, 500  map  scale.  The  current  average  cost  for  these 
floodplain  information  reports  is  $25, 000  (Wolman,  1971).  ERTS-1  would  allow 
this  cost  to  be  reduced  to  a small  fraction  of  this  figure.  Conservatively  esti- 
matii^  computer  time  necessary  for  the  satellite-based  survey  to  be  one  hour, 
the  ERTS-1  floodplain  information  report  would  cost  $250. 

Legal  review  has  clearly  established  the  rights  of  states  and  other  governmental 
units  to  designate  zones  of  flood  hazard  on  the  floodplain.  Ordinances  setting  up 
such  land  use  regulation  must  "be  reasonable  and  not  arbitrary"  (Hogan,  1963). 
The  question  then  is  whether  general  or  regional  delineations  of  flood  hazard 
areas  from  ERTS-1  will  hold  up  in  cotirt.  Wolman  (1971)  more  or  less  answers 
the  question  affirmatively  when  he  states  "some  acceptance  of  error  in  drawing 
boundaries  is  suggested  by  the  fact  that  where  zones  have  been  established  to 
prevent  obstruction  of  the  floodways  current  girides  suggest  that  the  bxirden  of 
proof  shoxild  fall  on  those  Intending  to  occupy  the  adjacent  floodplain  to  demon- 
strate by  engineering  survey  that  their  actions  will  not  adversely  affect  con- 
veyance by  the  floodway. " Ih  other  words,  ERTS-1  could  be  used  to  set  up 
legal  floodplain  boundaries  that  would  have  to  be  disproved  in  court  by  the  pro- 
posed developer  at  his  expense. 


FUTURE  WORK 

Analysis  using  the  data  generated  by  the  GEMS  system  will  be  completed  in  the 
near  future.  In  coordination  with  the  GEMS  work  the  computer  analysis  pro- 
grams available  at  the  Laboratory  for  the  Application  of  Remote  Sensing  (LARS) 
at  Purdue  University  are  being  used  to  analyze  ERTS-1  data  in  study  areas  1 and 
3.  Parameters  being  studied  include  water  depth,  water  extent,  and  identifica- 
tion of  flood  hazard  Indicators.  It  appears  that  mapping  of  these  themes  can  be 
accomplished  at  least  at  the  1:62, 500  map  scale.  If  successful  floodplain  map- 
ping can  be  carried  out  at  this  scale,  a very  significant  advance  will  have  been 
made.  Computer  analysis  using  the  LARS  system  will  be  completed  by  the  end 
of  1973. 

Flood  management  advances  are  important  on  rivers  like  the  Mississippi,  how- 
ever, they  are  even  more  necessary  and  challenging  on  smaller  streams.  As 
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a result  of  this  and  as  part  of  a continuing  effort  to  cooperate  with  state  agencies 
in  states  such  as  Maryland,  results  of  work  done  in  the  Mississippi  River  Basin 
will  be  extended  to  smaller  watersheds  in  Maryland.  One  likely  candidate  is  the 
Patxixent  River.  Mapping  of  flood  susceptible  areas  will  be  performed  using 
ERTS-1  compared  with  existing  flood  hazard  maps  and  data  available  on  the  ex- 
tent of  major  flooding  in  the  summer  of  1972. 

Flood  prediction  is  an  area  not  yet  dealt  with  in  this  paper,  but  it  is  an  extremely 
Important  subject.  As  a result  there  is  currently  vmderway  a study  to  determine 
the  ability  of  the  Electrically  Scanned  Microwave  Radiometer  on  the  Nimbus  5 
satellite  to  monitor  changes  in  soil  moisture  in  the  Mississippi  River  Basin  in 
study  areas  1 and  2 of  this  report.  Initial  results  indicate  that  there  is  a general 
positive  correlation  between  microwave  brightness  temperatures  and  surface  soil 
moisture.  If  these  initial  results  prove  to  be  valid,  then  ^ood  prediction  using 
remote  sensing  becomes  a greater  possibility.  Nimbus  5 currently  passes  over 
the  Mississippi  River  at  least  once  a day.  The  results  of  this  study  Will  also  be 
available  1^  the  end  of  1973. 


SUMMARY 

The  Spring  1973  Mississippi  River  flood  was  investigated  using  remotely  sensed 
data  obtained  from  ERTS-1,  The  overall  analysis  of  jhis  severe  flood  has  shown 
that  ERTS-1  is  extremely  useful  as  a regional  tool  for  flood  management.  It 
appears  that  flood  extent  mapping  can  be  performed  photographically  at  a scale 
of  1:100,000  and  should  be  useful  to  agencies  interested  in  obtaining  a rapid,  com- 
prehensive assessment  of  flood  damage.  Using  an  image  analysis  apd  informa- 
tion extraction  system,  i.  e, , GEMS,  an  automatic  and  fast  determination  of  the 
percentage  of  area  flooded  in  St.  Charles  County,  Missouri  and  the  delta  region 
of  Northwest  Mississippi  was  possible*  The  use  of  ERTS-1  digital  data  would 
allow  flood  extent  mapping  to  be  performed  at  scales  of  st  least  1:62*500,  The 
observation  of  flood  extent  allowed  a general  evaluation  to  be  made  of  the  effec- 
tiveness of  flood  control  works  on  the  Mississippi  River  and  its  tributaries  in 
Arkansas.  Using  GEMS,  several  different  classes  of  floodwater  were  obtained 
in  St.  Charles  County  and  the  Mississippi  delta  region  based  on  reflectivity  dif- 
ferences associated  wltih  water  depth  and/or  sediment  load  variatipns. 

Because  the  effects  of  the  flood  were  observed  using  ERTS-1  repetitive  data, 
reflectivity  differences  associated  with  surface  soil  moisture  changes  could  be 
monitored  in  both  space  and  time.  Agricultural  land  patterns  were  seen  to  be 
radically  altered  by  the  scouring  effects  of  the  floodwater.  Major  changes  in 
the  course  of  the  Mississippi  River  were  not  observed  Initially  probably  because 
of  the  extensive  flood  control  system  that  exists.  Vegetation  that  was  Inundated 
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by  floodwater  was  observed  to  experience  a marked  decrease  in  reflectivity  when 
compared  to  nearby  unflooded  vegetation.  It  was  determined  using  GEMS  that 
various  signatures  of  flooded  vegetation  existed  in  the  Delta  National  Forest  most 
likely  because  of  differing  tolerances  of  the  vegetation  to  inundation.  It  seems 
that  the  multi-spectral,  repetitive  coverage  available  from  ERTS-1  is  very  use- 
ful for  change  detection. 

The  mapping  of  areas  susceptible  to  flooding  along  flie  Mississippi  River  was 
successfully  performed  using  pre-flood  imagery  in  three  separate  study  areas. 
The  areas  subject  to  inundation  by  major  flooding  (approximately  the  100  year 
return  period  flood)  were  identified  by  observation  of  various  floodplain  indica- 
tors such  as  natural  and  artificial  levee  systems,  soil  differences,  agricultural 
pattern  and  vegetation  differences,  upland  boundaries,  backwater  areas,  and 
special  flood  alleviation  measures  in  urban  areas.  The  flood  prone  areas  delin- 
eated using  ERTS-1  were  compared  to  conventional  flood  hazard  maps  prepared 
by  the  USAGE  and  USGS,  The  comparison  indicated  close  agreement  between  the 
two  types  of  maps  with  only  a few  areas  of  interpretation  differences.  Most 
ERTS-1  flood  hazard  mapping  was  done  photographically  at  the  1:1, 000, 000 
scale,  however,  flood  susceptibilily  determinations  in  St.  Charles  County,  Mis- 
souri using  ERTS-1  were  satisfactorily  performed  with  more  detail  at  scales  of 
1:250,000  and  1:100,000.  Preliminary  work  with  ERTS-1  digital  data  indicates 
that  this  mapping  can  be  performed  at  a scale  of  1:62, 500.  ERTS-1  because  of 
its  comprehensive  view  can  be  used  on  a regional  basis  as  an  input  to  floodplain 
zoning.  In  areas  where  some  ground  surveys  of  flood  susceptibility  have  been 
performed,  ERTS-1  data  can  be  used  to  extend  this  information  into  immapped 
regions  and  thus  provide  preliminary  information  to  guide  development.  Because 
the  flood  hazard  boundaries  delineated  using  ERTS-1  data  are  approximately  equal 
to  the  100  year  flood  boundaries,  ERTS-1  could  be  used  to  assist  in  performing 
surveys  necessary  for  commimities  to  qualify  for  the  Federal  Flood  Insurance 
program.  In  general  ERTS-1  should  provide  a much  needed,  cost  effective  tool 
for  increasing  our  knowledge  about  the  flood  susceptibility  of  floodplain  areas. 
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Figure  3.  GEMS  water  classification  of  ERTS-1  flood  data  in  St.  Charles  County, 
Missouri  along  the  Mississippi,  Missouri,  and  Illinois  Rivers. 
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Figure  6.  ERTS-1  mosaic  of  the  Mississippi  River  in  flood  from  St.  Louis  to 
New  Orleans- March 31,  May  5,  and  March  24,  1973  images  (0.8- 
1.1  pm). 
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Figure  7. 


Land  pattern  changes  in  St*  Charles  County,  Missouri  as  a result  of 
floodwater  scour  effects  associated  with  the  Spring  1973  flooding  along 
the  Mississippi  and  Missouri  Rivers* 
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Figure  8.  ERTS-1  floodplain  mapping  along  the  Mississippi  River  in  the 
Arkansas-Mississippi-Louisiana  area. 


Figure  9. 
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ERTS-l  observations  of  Spring  1973  flooding  on  the  Mississippi  River 
floodplain  in  the  Arkansas- Mississippi-Louisiana  area. 
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Figure  10.  GEMS  analysis  of  upland  boundaries  and  natural  levee  systems  in  the 
Mississippi  delta  region  as  imaged  by  ERTS-1. 
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Figure  12. 


ERTS-1  regional  flood  hazard  mapping  at  1:1, 000, 000  scale  from 
Cairo,  Illinois  to  Memphis,  Tennessee. 


1162 


NATCHEZ 


TRIBUTARY  ERROR 


OILFIELDS 


MISSISSIPPI  RIVER 


SIGNIFICANT  FLOOD  BOUNDARIES 
(APl^ROXIMATELY  THE  100  YEAR 
FLOOD)  CONSTRUCTED  USING 
OCTOBER  1,1972  ERtS-1  IMAGERY 
ONLY  (ORIGINAL  SCALE  = 1:1,000,000) 

Figure  13.  ERTS-1  regional  flood  hazard  mapping  in  the  Natchez,  Mississippi 
area. 
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Figure  14*  ERTS-1  derived  e^qjected  limits  of  significant  flooding  (approximately 
the  100  year  flood)  along  the  Mississippi  River.  Original  scale 
1:1,000,000* 
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in  St.  Charles  County,  Missouri  at  an  original  map  scale  of  1:24, 000. 
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OPTICAL  DATA  PROCESSING  AND  PROJECTED  APPLICATIONS  OF  THE  ERTS-1 
IMAGERY  COVERING  THE  1973  MISSISSIPPI  RIVER  VALLEY  FLOODS 

Morris  Deutsch  and  F.  H.  Buggies,  i/.  S.  6ec>/05r/ca/Su/'i«y 


ABSTRACT 

Flooding  along  the  Mississippi  River  and  some  of  its  tributaries  was  imaged  by 
the  multispectral  scanner  (MSS)  on  the  Earth  Resources  Technology  Satellite 
(ERTS-1)  on  at  least  three  orbits  during  the  spring  of  1973.  The  ERTS  data  pro- 
vided the  first  opportunity  for  mapping  the  regional  extent  of  flooding  at  the  time 
the  imagery  was  acquired.  Special  optical  data  processing  techniques  were  used 
to  produce  a variety  of  multispectral  color  composites  which  enhanced  flood- 
plain  details.  One  of  these,  a two-color  composite  of  near  infrared  bands  6 and 
7,  was  enlarged  and  registered  to  1:250, 000-scale  topographic  maps  and  used  as 
the  basis  for  preparation  of  flood  image  maps.  Two  specially  filtered  three- 
color  composites  of  MSS  bands  5,  6,  and  7 and  4,  5,  and  7 were  prepared  to  aid 
in  the  interpretation  of  the  data.  The  extent  of  the  flooding  was  vividly  depleted 
on  a single  image  by  two-color  temporal  composites  produced  on  the  additive- 
color  viewer  using  band  7 flood  data  superimposed  on  pre-flood  band  7 Images. 

On  May  24,  when  the  floodwaters  at  St.  Louis  receded  to  bankfull  stage,  imagery 
was  again  obtained  by  ERTS.  Analysis  of  temporal  data  composites  of  the  pre- 
flood and  post-flood  band  7 images  indicate  that  changes  in  surface  reflectance 
characteristics  caused  by  the  flooding  can  be  delineated,  thus  making  it  possible 
to  map  the  overall  area  flooded  without  the  necessity  of  a real-time  system  to 
track  and  image  the  peak  flood  waves.  Regional  planning  and  disaster  relief 
agencies  such  as  the  Corps  of  Engineers,  Office  of  Emergency  Preparedness, 

Soil  Conservation  Service,  interstate  river  basin  commissions  and  state  agencies, 
as  well  as  private  lending  and  insurance  Institutions,  have  indicated  strong  po- 
tential applications  for  ERTS  image-maps  of  flood-prone  areas. 


INTRODUCTION 

During  the  spring  of  1973,  the  Mississippi  River  Valley  ejq)erienced  some  of  the 
most  disastrous  flooding  in  recorded  history.  Tremendous  areas  of  lowland  were 
inundated  along  the  Mississippi  River  main  stem  and  along  a number  of  major 
tributaries  between  St.  Louis  and  the  mouth  of  the  river,  south  of  New  Orleans. 
At  St.  Louis,  an  all-time  high  flood  crest  of  43.3  feet  was  recorded  on  April  28, 
1973,  exceeding  the  previous  record  of  43  feet  recorded  in  April  1785.  Flood 
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stage,  which  is  30  feet  at  St.  Louis,  was  reached  on  March  10.  The  river  re- 
mained above  flood  stage  at  St.  Louis  for  76  days  until  it  finally  receded  to  bank- 
full  stage  on  May  24.  Hydrographs  of  the  river  stages  at  St.  Louis,  Memphis, 
Vicksburg,  and  Baton  Rouge  are  shown  in  Figure  1. 

Flood  immdation  mapping,  by  conventional  methods,  the  techniques  of  which  are 
well  established  and  understood,  is  a time-consuming  and  expensive  procedure. 
Traditionally,  either  ground  surveys  or  black  and  white  panchromatic  photography 
has  been  used  as  a basic  tool  in  flood  inundation  mapping.  During  the  past  sev- 
eral years,  however,  utilization  of  new  techniques  of  remote  sensing  by  aircraft- 
and  spacecraft-bome  sensors  has  been  gaining  increased  attention,  Myers, 

Waltz,  and  Smith  (1972),  delineated  the  area  flooded  by  Rapid  Creek  at  Rapid 
City,  South  Dakota,  using  color  and  color  infrared  aerial  photography  and  thermal 
infrared  aerial  Imagery.  From  some  of  the  early  data  obtained  by  the  first  Earth 
Resources  Technology  Satellite  (ERTS-1)  Benson  and  Waltz  (1973)  delineated  and 
measured  an  area  inundated  by  a severe  local  rainstorm  near  Aberdeen,  South 
Dakota.  Hallberg,  Hoyer,  and  Rango  (1973)  reported  on  the  mapping  of  the 
Nlshnabotna  River  flood  in  Iowa;  they  employed  ERTS  data  collected  a week  after 
the  flood.  They  also  assessed  the  value  of  color  infrared  photography  versus 
traditional  black  and  white  panchromatic  photography  for  flood  mapping  purposes 
and  found  the  former  to  be  highly  superior.  Morrison  and  Cooley  (1973)  mapped 
Inundation  limits  of  the  Gila  River  flood  in  Arizona  from  ERTS  imagery  and  ob- 
tained good  agreement  with  maps  prepared  from  aerial  photography  and  ground 
surveys. 

Early  in  March,  in  anticipation  of  flooding  along  the  Mississippi  River,  the  U.  S, 
Geological  Survey  made  a special  request  to  the  National  Aeronautics  and  Space 
Administration  for  data  from  subsequent  passes  of  ERTS-1  over  the  Mississippi 
River  Valley.  Basically,  it  was  desired  to  be  able  to  map  the  extent  of  inunda- 
tion as  quickly  as  possible,  and  with  a minimum  amount  of  conventional  ground 
observations.  It  was  surmised  that  specially  processed  ERTS  data  cotild  provide 
hydrologists  with  a powerful  new  technique  to  supplement  established  methods  of 
flood  mapping,  thereby  for  the  first  time  making  it  possible  to  accurately  map 
the  extent  of  flooding  over  very  large  areas,  and  to  optically  depict  the  flooded 
area. 

On  March  31,  1973,  ERTS-1  provided  the  first  synoptic  view  of  extensive  flooding 
along  two  large  reaches  of  the  Mississippi  River,  between  St.  Louis,  Missouri, 
and  Natchez,  Mississippi.  On  May  4 and  5,  ERTS-1  sensors  Imaged  a strip  of 
the  Mississippi  River  reaching  from  midway  between  St.  Louis  and  Cairo,  Illi- 
nois, to  New  Orleans  and  the  Gulf  of  Mexico.  The  flood  is  depicted  at  its  peak 
within  the  reach  between  Cairo  and  Memphis.  The  flood  peaked  at  Cairo  on  May 
4 at  14. 7 feet  above  flood  stage.  Cloud  cover  over  most  of  the  Mississippi  River 
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Figure  1.  These  hydrographs  show  that  the  lower  Mississippi  River  was  above  flood  stage 
for  prolonged  periods  during  the  spring  of  1973. 


Valley  below  St.  Louis  on  March  30,  April  17  and  18,  and  May  6,  prevented 
consecutive-day  coverage  over  flie  entire  reach  from  St.  Louis  to  the  mouth  of 
the  river  . 

On  May  24,  1973,  the  date  that  the  Mississippi  River  receded  to  bankfull  stage 
at  St.  Louis  (Figure  1),  ERTS-1  again  obtained  cloud-free  multispectral  imagery 
over  the  swath  imaged  on  March  31,  thus  providing  a basis  for  determining  the 
feasibilHy  of  mapping  the  total  area  flooded  emplosrlng  post-flood  data. 

On  April  12,  a NASA  U-2  aircraft  photographed  the  flood  along  the  Mississippi 
River  below  St.  Louis  from  an  altitude  of  about  20,000  m (65,000  ft),  empl03di^ 
color  infrared  film.  The  photography  makes  it  possible  to  compare  the  relative 
effectiveness  of  space-acquired  imagery  and  high-altitude  photography  for  re- 
gional mapping  of  flood  conditions  in  major  river  basins. 

Objectives  and  Scope 

The  principal  objectives  of  this  study  were  to  determine  the  feasibility  of  em- 
plo3dng  ERTS-1  multispectral  scanner  (MSS)  data  to: 

• Delineate  at  a scale  of  1:250,000,  the  regional  extent  of  flooding  at  flie 
instant  the  imagery  was  collected.  (This  scale  was  selected  inasmuch  as 
as  the  entire  United  States— and  many  international  areas— are  covered 
by  topographic  maps  at  the  same  scale.) 

• Delineate  the  total  area  flooded  using  post-flood  data. 

• Develop  a methodology  to  enhance  ERTS  imagery  of  flood  areas  to  show 
maximmn  detail  in  the  flood  plain  and  contrast  with  adjoining  areas. 

• Develc^  techniques  for  rapidly  and  accurately  majqjing  large  floods  and 
flood-prone  areas  any  place  in  the  world  with  a minimum  of  actual  field 
observation. 

This  study  was  limited  to  analysis  of  ERTS-1  multispectral  scanner  imagery  pro- 
jected through  a Spectral  Data  Comparator  Model  64  Addittve-Color  Viewer. 
Limitations  of  time  and  funds  prevented  analyses  of  computer-compatible  tapes. 
Flood  boundary  delineations  were  based  exclusively  on  laboratory  spectral  data 
analysis,  although  under  an  operational  system  spectral  analyses  should  be  com- 
plemented by  ground  observations  and  tqpc^aphic  contour  analysis,  particularly 
in  forested  areas  because  the  multispectral  scanner  may  image  reflected  radia- 
tion from  the  tree  canopy  rather  than  the  inimdated  land  surface.  The  original 
data  used  for  the  analyses  in  this  study  were  third  generation  (3G)  70  mm  MSS 
negatives.  All  of  the  data  were  reprocessed  to  balance  the  density  range  and 
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minimxim  density  in  the  black  and  white  positives  (AG)  with  respect  to  each 
other.  This  was  done  to  achieve  the  greatest  enhaneemeht  of  the  flood  plains  in 
the  additive-color  projection. 

Techniques  of  data  processing,  color  enhancement  of  flood  features,  preparation 
of  two-color  temporal  composites  to  display  flooded  areas  regionally,  and  flood 
mapping  were  presented  In  greater  detail  at  the  June  1973  Symposlxim  of  the 
American  Water  Resources  Association  on  Remote  Sensing  and  Water  Resources 
Management  (Deutsch,  and  others,  1973). 


ERTS-1  COVERAGE  OF  THE  1973  MISSISSIPPI  RIVER  FLOODS 

All  of  the  ERTS  data  used  for  this  study  were  obtained  by  the  MSS  which  images 
reflected  solar  radiation  from  the  Earth's  surface  in  four  bands  of  the  visible  and 
near-infrared  portions  of  the  electromagnetic  spectrum,  nominally  as  follows 


(NASA,  1971): 
MSS 

Wavelength 

Color 

Band 

(Micrometers) 

4 

0.5-0. 6 

Green-yellow-  orange 

5 

0.6-0. 7 

Red 

6 

0. 7-0. 8 

Near-infrared 

7 

0. 8-1.1 

Near-infrared 

Figure  2 is  a mosaic  prepared  from  ERTS-1,  MSS  band  7 images  showing  flood 
Inundation  over  large  reaches  of  the  Mississippi  River  Valley  from  St.  Louis  to 
the  Gulf  of  Mexico.  The  imagery  was  obtained  by  the  satellite  on  March  31  for 
the  western  swath  including  the  St.  Louis  area,  and  on  May  4 and  5 for  the  eastern 
swaths.  The  images  were  precisely  enlarged  to  a scale  of  1:1,000,000.  The 
May  4 and  5 orbital  swaths  cover  about  a 2000  kilometer  reach  of  the  Mississippi 
(1,200  river  miles)  from  about  half  way  between  St.  Louis  and  Cairo,  Illinois,  to 
the  Gxilf  of  Mexico.  The  flood  Is  at  its  peak  along  the  reach  between  Cairo  and 
Memphis  (see  Figure  1).  Flooding  along  the  lower  Ohio  River  at  its  confluence 
with  the  Wabash  River  is  also  clearly  shown.  The  seven  May  5 scenes  used  in 
the  mosaic  were  collected  during  an  orbital  Interval  of  only  3 minutes.  All  of 
the  flood  data  shown  in  Figure  2 were  collected  in  about  7 minutes. 

In  order  to  map  the  area  inundated  by  any  flood,  it  is  obviously  necessary  to 
have  data  on  the  area  normally  covered  by  water.  For  this  critical  analysis, 
data  collected  by  ERTS-1  over  the  Mississippi  River  on  October  1 and  2,  1972, 
were  obtained  from  the  Earth  Resources  Observation  Systems  (EROS)  Data  Center 
at  Sioux  Falls,  South  Dakota. 
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Figure  2.  On  March  31  and  May  4-5, 
1973,  ERTS-1  Imaged  the  lower  Mis- 
sissippi River  Valley  in  about  7 min- 
utes. This  mosaic  of  band  7 near- 
infrared  Images  provided  the  first 
overall  view  for  the  entire  region. 


1172 


Figure  3 is  a black  and  white  mosaic  of  MSS  band  7 Images  recorded  by  EHTS-1 
sensors  on  October  1 and  2,  1972,  which  depicts  "normal"  conditions.  The  dif- 
ference in  water-covered  or  wet  surface  between  October  1972  and  the  1973  flood 
period  is  obvious.  Especially  noticeable  also  is  the  wet  flood  plain  between  St, 
Louis  and  Cairo,  Illinois,  and  the  lower  White  River  above  its  confluence  with 
the  Arkansas  River  in  the  lower  left  image.  For  the  purposes  of  the  present 
study,  covering  the  reach  from  about  St.  Louis  to  Memphis,  data  from  only  seven 
ERTS  scenes  in  October  and  seven  flood  images  were  needed. 

On  May  24,  the  date  the  Mississippi  River  receded  to  bankfull  stage  at  St.  Louis, 
excellent  imagery  covering  the  same  swath  as  orbit  3499  on  March  31  was  ob- 
tained. These  data  provided  the  basic  information  needed  to  determine  the  fea- 
sibility of  attaining  the  second  objective  of  the  experiment. 

Color  Enhancements 

From  inspection  of  the  "standard"  false-color  composite  of  bands  4,  5,  and  7 
images  of  the  flood  area  produced  by  the  NASA  Data  Processing  Facility  (NDPF) 
(Figure  4 lower  left)  it  appeared  that  the  flooding  was  more  extensive  on  the  image 
than  was  actually  the  case.  The  additive-color  viewer  was  hence  used  to  pro- 
duce two-  and  three-color  enhancements  highlighting  conditions  on  the  flood 
plains. 

From  among  the  numerous  additive- color  combinations  examined  on  the  viewer 
screen  the  following  were  deemed  to  be  best  for  detailed  flood-plain  analysis  of 
mapping. 

Rendition  "A"  (Figure  4,  upper  left)  - Band  5 is  projected  as  blue;  band  6 as 
green;  and  band  7,  filtered  to  about  60  percent  transmission,  as  red,  This  ren- 
dition was  best  suited  for  interpreting  the  extent  of  flooded  area  in  relation  to 
rural  land  use.  Morphologic  and  geologic  features  are  enhanced,  and  water  de- 
tail is  well  preserved.  Areas  with  standing  water  appear  as  blue,  and  wet  or 
saturated  soils  as  brown. 

Rendition  "B"  (upper  right)  - Band  6 is  projected  as  red,  filtered  to  about  60  per- 
cent transmission  and  band  7 as  green.  This  pictoral  rendition  prepared  from 
the  two  near  infrared  bands  was  considered  the  best  for  differentiating  areas  of 
varying  degrees  of  Inundation  and  wetness.  This  rendition,  therefore,  was  used 
as  the  basic  source  of  information  from  which  the  flood  maps  descrtbed  below 
were  prepared.  Standing  water  appears  as  red  and  the  wet  or  saturated  flood 
plain  as  green. 

Rendition  "C"  (lower  right)  - Band  4 Is  projected  as  blue;  band  5 as  green;  and 
band  7,  filtered  to  about  40  percent  transmission,  as  red.  This  pictoral  rendition 
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Figure  3 . The  EETS  flood  data  were 
compared  with  the  band  7 near-infrared 
images  used  to  construct  this  mosaic 
depicting  ^’normal’^  conditions  along  the 
Mississippi  Valley  between  St.  Louis 
and  the  mouth  of  the  Arkansas  River  on 
October  1-2,  1972. 
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Figure  4.  Three  specially  filtered  additive-eolor  enhanceinents  and  the 
"standard"  NASA  Data  Processing  Facility  color  composite  were  prepared  from 
EKTS-1  multispectral  scanner  images  to  study  detailed  flood-plain  conditions 
north  of  the  confluence  of  the  Mississippi,  Arkansas,  and  White  Rivers  on 
March  31,  1973. 
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is  best  suited  for  interpreting  flooded  areas  in  relation  to  urban  patterns.  While 
preserving  water  detail,  it  enhances  cultural  detail.  In  this  rendition,  standing 
water  is  shown  in  shades  of  blue  or  green,  and  areas  of  wet  or  saturated  soil 
appear  as  brown. 

Temporal  Composite  Display  of  Flooded  Areas 


The  extent  of  flooding  can  be  clearly  displayed  by  projecting  a pre-flood  image  and 
one  collected  during  the  flood  into  a sin^e  composite  image.  Band  7 was  used  be- 
cause there  is  little  or  no  reflection  of  incident  radiation  from  water  In  this 
spectral  region,  and  thus  the  water  appears  dark  in  a positive  print. 

Figure  5 shows  the  Cairo,  Illinois,  area  imaged  by  MSS  band  7 on  May  5,  1973 , 
in  green,  and  on  October  1,  1972,  in  red.  The  temporal  composite  (bottom), 
prepared  by  additive  projection  of  the  two  band  7 scenes,  depicts  the  flooded 
area  in  red,  as  described  below.  The  composite  covers  only  the  area  of  image 
overlap  between  the  two  dates.  This  Image,  therefore,  shows  excellent  differen- 
tiation between  dry  soil,  saturated  soil,  and  standing  water.  In  a properly  pro- 
cessed positive,  standing  water  is  very  dark,  dry  soil  is  relatively  light,  and 
saturated  soil  is  Intermediate  in  densiiy.  When  a non-flood  image  is  projected 
as  red,  in  register  with  a flood  image  projected  as  green,  the  composite  color 
image  is  composed  of  the  following  elements: 

1.  Where  there  is  surface  water  present  on  both  images,  the  composite 
image  receives  little  or  no  light  and  is  therefore  essentially  black.  This 
depicts  the  area  normally  covered  by  the  river  and  other  surface-water 
bodies. 

2.  Where  the  ground  Is  not  covered  with  water  in  both  scenes,  the  composite 
image  receives  relatively  equal  amounts  of  red  and  green  light,  and  is 
therefore  yellow.  This  depicts  the  area  unaffected  by  flood  waters. 

3.  Where  there  is  surface  water  in  the  scene  projected  in  green,  and  dry 
soil  in  the  scene  projected  as  red,  the  composite  image  receives  only 
red  light,  and  is  therefore  a highly  saturated  red  color.  This  depicts 
the  area  of  flood  inundation. 

4.  Where  there  Is  water-saturated  soil  in  the  scene  projected  as  green,  and 
dry  soil  in  the  scene  projected  as  red,  the  composite  image  receives 
red  light  combined  with  a lesser  amount  of  green  light,  and  results  in  a 
color  on  a continuum  between  yellow  and  red. 

It  can  readily  be  seen  also  from  Figure  5 that  the  orbit  of  the  satellite  has  shifted 
about  20  miles  to  west  between  October  and  May.  Furthermore,  the  swaths  were 
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Figure  5.  Band  7 images  covering  the  flooded  areas  (green)  were  combined  with 
images  of  the  same  area  collected  under  ’’normal"  conditions  (red)  to  prepare 
temporal  composites  (bottom)  such  as  the  one  shown  here  at  the  confluence  of  the 
Mississippi  and  Ohio  Rivers.  The  extent  of  flooding  is  depicted  in  red;  ’’normal" 
conditions  in  black. 
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not  framed  at  the  same  latitudes  for  the  two  dates;  hence,  the  number  of  tem- 
poral composites  needed  to  mosaic  the  reach  of  the  Mississippi  River  was 
doubled. 

In  general  it  was  considerably  more  difficult  to  register  scenes  covering  the 
same  area  for  different  dates  for  the  temporal  composites  than  it  was  to  regis- 
ter the  various  bands  collected  simultaneousl3r  for  the  spectral  composites.  This 
may  be  due  in  part  to  differences  in  side  edge  distortion  caused  by  the  orbital 
shift,  but  it  may  also  be  due  in  part  to  slight  attitude  difference  of  the  satellite. 

In  any  event.  Inasmuch  as  the  flood  plains  are  relatively  linear,  it  was  possible 
to  obtain  good  registration  along  those  flood  plains  studied  at  the  expense  of 
slight  misregistration  in  distant  areas. 


INTERPRETATION  AND  FLOOD-MAPPING  PROCEDURES 


Figure  6 is  a flood  image-map  using  the  Cairo  area  temporal  composite  enlarged 
to  a scale  of  1:250, 000  as  an  image  base.  Figure  7 is  a mosaic  of  band  7 tem- 
poral composites  for  the  aitire  study  area.  Except  for  cloud  shadows,  the  pre- 
sence of  red  depicts  water  on  the  surface  during  the  flood  period  that  was  not 
present  dming  ’’normal”  conditions  in  October.  There  is  major  floodii^  along 
the  Mississippi  above  St.  Louis  and  at  its  confluence  with  the  Missouri  River. 
There  is  also  flooding  in  the  Cairo  area,  and  the  flood  peak  is  depicted  between 
Cairo  and  Memphis.  In  fact,  there  is  widespread  flooding  throughout  the  Missis- 
sippi River  Valley  in  the  study  area.  The  Ohio  River  is  in  flood  at  its  confluence 
with  the  Tennessee.  The  entire  valleys  of  the  KaskaskLa  River  in  Illinois,  and 
the  White  and  St.  Francis  Rivers  in  Arkansas  are  very  wet  and  locally  in  flood. 

In  contrast,  the  Arkansas  River  (lower  left)  is  confined  to  its  banks.  The  change 
in  area  of  surface  storage  in  several  reservoirs  is  clearly  depicted  by  red  ex- 
tensions beyond  their  pre-flood  shorelines. 

The  initial  area  selected  for  flood  inundation  map  preparation  was  the  ERTS  image 
that  covered  Cairo,  Illinois  area  at  tile  confluence  of  the  Mississippi  and  Ohio 
Rivers.  The  1:250, 000  scale  drainage  overlays  of  NJ16-7  (Paducah  quadrangle) 
and  NJ16-10  (Dyersburg  quadrangle)  were  superimposed  on  a 1:250,000  rendi- 
tion "B”  multispectral  enlargement,  and  the  perimeters  of  the  flooded  area  along 
the  main  stems  of  the  Mississippi  and  Ohio  Rivers  were  drafted  (Figure  8). 

Area  measurements  that  differentiated  normal  river  stage  acreage  from  flooded 
inundation  acreage  were  computed  by  subtraction.  The  wet  areas  were  deter- 
mined with  a Dell-Foster  3-axis  Digitizer-Quantitizer.  This  procedure  was  re- 
peated to  complete  the  analyses  of  the  extent  of  flooding  along  the  Mississippi 
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Figure  7.  This  mosaic  of  temporal  composites  shows  the 
extent  of  flooding  in  red  along  the  Mississippi  Valley  be- 
tween St.  Louis  and  the  mouth  of  the  Arkansas  River  on 
March  31  and  May  5,  1973.  "Normal"  river  conditions  and 
the  areal  extent  of  surface  water  on  October  1 and  2,  1973, 
appear  as  black. 
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Figure  8.  This  map  showing  the  extent  of  flooding  along  the  main  stems  of  the 
Mississippi  and  Ohio  Rivers  near  Cairo,  Illinois,  was  based  exclusively  on 
band  6 and  7 near-infrared  images  collected  by  ERTS-1  on  October  1,  1972,  and 
Mays,  1973. 
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Elver  main  stem  from  St.  Louis  to  the  confluence  with  the  Arkansas  and  White 
River,  with  results  as  follows: 
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Interpretation  of  Post-Flood  Data 


Because  ERTS-1  coverage  is  limited  to  cloud-free  coverage  once  every  18  days, 
it  cannot  track  the  progress  of  a flood  peak.  Inspection  of  data  collected  by 
ERTS-1  on  May  24,  the  day  the  Mississippi  River  receded  to  bankfull  stage  at 
St.  Louis,  indicates  that  changes  in  surface  reflectance  characteristics  caused 
by  the  flooding  can  be  delineated,  thus  making  it  possible  to  map  the  total  area 
flooded  without  the  necessity  of  a real-time,  continuous  System  to  track  and 
image  the  peak  flood  waves.  Figure  9 shows  an  additive-color  temporal  compo- 
site of  band  7 images  showing  the  extent  of  flooding  in  red  on  March  31  against 
normal  surface-water  distribution  on  October  2,  1972,  From  Figure  1 it  can  be 
seen  that  flood  stage  was  at  about  38  feet  on  March  31,  but  that  on  April  28  the 
flood  peaked  at  43.3  feet,  obviously  inundating  additional  areas  not  flooded  on 
March  31, 

Figure  9 also  shows  a temporal  composite  of  the  post-flood  May  24  data  at  St. 
Louis  against  the  October  2,  1972,  image.  In  this  composite  there  are  areas 
shown  in  red  that  are  not  shown  on  the  March  31-October  2 temporal  composite. 
It  is  postulated  that  the  later  scene  Indicates  changes  in  surface  reflectance 
characteristics  caused  by  the  flooding,  and  that  the  area  from  which  the  flood 
waters  receded  between  April  28  and  May  24  is  depicted  in  tones  of  red. 

ERTS  MSS  Imagery  Compared  with  Aircraft  Color  Infrared  Photography 

On  April  12,  1973,  a NASA  U-2  aircraft  photographed  the  Mississippi  River  in 
flood  below  St.  Louis,  Figure  10  shows  U-2  photography  at  St.  Louis,  Cairo, 
and  Memphis  and  the  areas  covered  by  five  frames  in  relation  to  the  ERTS-1 
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Figure  10.  ERTS  MSS  imagery  provides  superior  simoptic  and  regional  coverage 
over  the  Mississippi  River  between  St.  Louis  and  Memphis,  but  high-altitude 
aircraft  color  Infrared  photography  shows  greater  detail  at  St.  Louis,  Cairo, 
and  Memphis. 
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multispectral  imagery.  Inspection— but  not  analysis— of  the  U-2  data  leads  to 
the  following  observations: 


• The  U-2  followed  the  main  valley  of  the  river  and  missed  the  effects  of 
flooding  of  the  Mississippi  on  various  tributaries.  At  Cairo  the  camera 
angle-of-view  was  not  wide  enough  to  cover  the  entire  width  of  the  flood. 

• Where  turning  with  the  course  of  the  river,  the  aircraft  caused  spatial 
distortions  in  the  film  that  would  require  rectification  to  permit  accurate 
mapping. 

• The  mtiltlspectral  mode  of  the  ERTS  data  permitted  automatic,  rapid,  and 
accurate  delineation  of  the  flooded  area,  whereas  mapping  from  aircraft 
photography  would  require  density  slicing  or  use  of  photointerpretation 
techniques, 

• ERTS  covered  the  entire  region  using  only  a small  fraction  of  the  number  of 
frames  required  by  the  U-2,  which  would  have  been  again  multiplied  were 

it  possible  to  obtain  vertical  photography  during  block  coverage. 

• The  principal  advantage  of  the  aircraft  data  is  that  it  would  permit  mapping 
at  scales  of  1:24, 000  and  larger  . 


POTENTIAL  FLOOD  APPLICATIONS  OF  ERTS  IMAGERY 

The  technique  described  in  this  report  offers  a relatively  simple  and  economic 
procedxire  that  can  be  used  to  quickly  assess  areas  that  have  been  inundated 
during  recent  flood  periods.  Rango  and  Anderson  (1973)  mapped  areas  suscep- 
tible to  flooding  along  the  Mississippi  River  using  pre-flood  ERTS  imagery  at 
scales  as  large  as  1:100, 000.  These  methods  will  not  replace  an  engineering 
type  of  flood  evaluation  that  requires  specific  Information,  l.  e. , depth  of  flooding 
in  a basement,  or  the  amount  of  damage  resulting  from  undermined  roads,  or 
the  degree  of  damage  to  mechanical  equipment  in  buildings. 

The  method  will  provide  regional  disaster  relief  agencies  with  an  overview  from 
which  they  will  be  able  to  determine  a first  cut  damage  estimate,  and  thus  be 
able  to  dispense  assistance  in  the  most  expeditious  manner. 

The  regional  planner  will  have  a tool  to  enable  him  to  assess  the  best  use  of  the 
flood  plains.  Housing  authorities  will  be  able  to  determine  areas  subject  to 
flooding;  private  lending  agencies  will  be  able  to  evaluate  the  flood  potential  of 
a proposed  urban  development;  flood  Insurance  agencies  (private  and  public) 
will  be  able  to  evaluate  flooded  areas  and  be  able  to  assist  their  customers  more 
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quickly;  engineers  will  be  able  to  quickly  evaluate  the  effectiveness  of  flood  con- 
trol works  and  therein  be  provided  with  a prototype  model  for  a river  basin. 

The  list  of  possible  uses  of  the  ERTS-1  evaluation  described  herehi  is  limited 
only  by  the  il^enuity  of  the  user. 


CONCLUSIONS 

Optically  processed  ERTS  MSS  Imagery  provides  hydrologists  with  an  important 
new  technique  for  rapid  and  ine3q>ensive  flood  inundation  mapping  and  related 
studies: 

• The  areal  extent  of  flood  waters  over  very  large  reaches  of  a major  river 
basin  cdn  be  viewed  synoptically. 

• Areas  in  flood  can  be  quantitatively  determined  by  automatic  data-processing 
techniques. 

• ERTS  imagery  can  be  color  enhanced  by  additive-color  techniques  to  aid  in 
the  interpretation  of  flood  conditions  and  their  relation  to  geologic,  physio- 
graphic, and  urban  settings, 

• The  extent  of  inundation  versus  "normal"  conditions  can  be  sharply  dellne- 
ated  on  atemporal  basis  on  single  color-composited  images. 

• The  near-infrared  bands  (6  and  7)  on  ERTS  can  be  used  in  combination  for 
Interpretation  of  flood  conditions  and  delineation  of  flood-water  boundaries. 

• Bulk-processed  ERTS  imagery  can  be  used  as  the  basis  for  area-of-flood 
inundation  mapping  for  a region  at  a scale  of  at  least  1:250, 000,  and  prob- 
ably as  large  as  1:100,000. 

• Optical  data-processing  of  ERTS  MSS  imagery  provided  for  an  extremely 
fast  and  inexpensive  means  of  regionally  delineating  the  Mississippi  River 
floods  of  1973,  and  measiiring  the  areal  extent  of  inundation  during  the 
course  of  the  floods. 

• Regional  flood  mapping  is  far  more  feasible  with  satellite  imagery  than 
with  aircraft  photography. 

• The  effects  of  flooding  on  the  reflectance  characteristics  of  the  su3:face 
make  it  possible  to  delineate  areas  where  flood  waters  have  receded  by 
using  post-flood  data,  thereby  eliminating  the  necessity  for  continuous 
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tracking  and  imagery  of  the  flood  crest  and  reducing  the  volume  of  data 
required. 

• Flood-prone  area  maps  generated  from  ERTS  MSS  data  have  potentially 
important  engineering,  economic,  disaster  relief,  and  planning  applica- 
tions. 
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X-650-73-294,  29  p. , 16  figs. 
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Paper  W 1 2 


APPLICATION  OF  ERTS  IMAGERY  TO  ENVIRONMENTAL  STUDIES  OF  LAKE 
CHAMPLAIN 

A.  O.  Lind,  (University  of  Vermont),  Buriington,  Vermont 


ABSTRACT 


ERTS  Imagery  has  provided  data  relating  to  a number 
of  environmental  and  limnological  concerns  such  as 
water  quality,  lake  flooding  and  lake  ice  formation. 
Pollution  plume  data  provided  by  ERTS  was  recently 
used  in  the  Supreme  Court  case  Involving  the  States 
of  Vermont  and  New  York  and  a paper  company.  Flooding 
of  lowland  tracts  has  been  a major  concern  due  to 
a repetitive  pattern  of  high  lake  levels  over  the 
past  three  years,  and  ERTS  imagery  is  being  used  to 
construct  the  first  series  of  flood  maps  of  the 
affected  areas.  Lake  ice  development  and  turbidity 
patterns  have  also  been  studied  from  ERTS,  since  these 
have  significance  for  shore  erosion  studies. 


LAKE  CHAMPLAIN  AS  A RESOURCE 


The  significance  of  Lake  Champlain  to  the  State  of  Vermont 
cannot  be  overstated  since  it  not  only  serves  to  supply 
water  to  shore  communities,  but  also  functions  as  a major 
water  playground  for  the  people  of  Vermont  and  New  York 
as  well  as  a significant  population  of  tourists  from 
megalopolis.  In  addition*  the  natural  setting  of  the  lake 
in  a trough  between  the  Adirondack  and  Green  Mountains, 
provides  an  aesthetically  pleasing  sight  which  seems 
beyond  economic  quantification.  In  order  to  insure  that  the 
lake  may  continue  to  serve  in  these  capacities,  a number  of 
state  and  local  agencies,  of  which  the  University  of  Vermont 
is  a principal  one,  are  engaged  in  inventoring  and  mapping 
the  various  physical  and  biotic  features  of  the  lake  as  well 
as  the  interaction  between  those  features  and  human  activity. 
ERTS  has  figured  significantly  in  providing  information 
on  the  lake  and  its  varied  shorelines  to  the  extent  that 
some  of  the  results  from  the  ERTS  experiment  are  now  being 
applied  in  resource  management  decisions.  This  paper  des- 
cribes these  direct  applications,  which  include  water 
pollution  and  lake  flooding,  and  assesses  the  significance 
of  other  ERTS-derived  limnological  information  pertaining 
to  turbidity  and  lake  ice. 
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of  image  no.  1276-15073  was 
entered  as  evidence  in  the 
Vermont  vs.  I PC  and  New  York 
pollution  suit  as  were  other 
images . 


WATER  POLLUTION 


Water  pollution  in  Lake  Champlain  is  an  especially 
significant  environmental  concern  to  the  State  of  Vermont 
because  it  jeopardizes  the  vital  resource  qualities  of 
the  lake.  The  degradation  of  water  quality  by  the 
International  Paper  Co.  mill  just  north  of  Fort  Ti conderoga , 
New  York,  has  been  the  subjeCl  of  intense  interest  by 
the  State  of  Vermont,  and  as  reported  in  an  earlier  sym- 
posium paper,!  the  State  of  Vermont  is  currently  suing 
the  paper  company.  The  State  of  New  York  is  also  a 
defendant  in  this  case  now  pending  before  U.S.  Supreme 
Court  Master , Ammi  Cutter. 

The  application  of  ERTS  data  in  the  court  action  is 
directed  toward  delineating  the  extent  of  surface  water 
degradation  patterns.  The  relationship  of  these  patterns 
to  the  interstate  boundary  and  waters  within  the  State  of 
Vermont  is  of  special  concern.  With  the  termination  of 
the  initial  CRTS  project  in  the  early  summer  of  1973,  three 
ERTS  scenes  had  been  studied  which  revealed  the  extent  of 
papermill  effluent  associated  with  the  submerged  diffuser 
pipe  extending  from  the  mill's  treatment  plant. 

The  first  plume  of  October  10,  1972  (Image  No.  1079-15115) 
was  described  in  earlier  reports  and  has  a somewhat  oval 
shape  oriented  over  the  diffuser  pipe  which  spreads  the 
effluent  linearly  at  first,  but  wind  and  current  condi- 
tions may  cause  further  surface  spread  of  the  effluent 
pattern.  The  linear  pattern  associated  with  the  sub- 
merged diffuser  was  observed  during  a dye  experiment  con- 
ducted in  October,  and  a more  irregular  spreading  pattern 
was  documented  by  conventional  aerial  coverage  during  the 
same  month.  On  two  occasions  in  April  (1973)  the  southern 
arm  of  Lake  Champlain  was  imaged  by  ERTS  showing  two 
additional  patterns.  A fairly  widespread  pattern  was 
observed  on  April  25  (Image  No.  1276-15073)  and  on  April 
7 (Image  No.  1258-15073)  a pattern  essentially  confined 
to  the  discharge  pipe  area  was  noticeable.  While  MSS  band 
4 proved  to  be  the  most  useful  single  band  for  study  of 
the  plume  area,  mul tispectral  combination  of  MSS  bands  4, 

5,  and  6,  was  used  to  emphasize  the  plume  patterns  further. 


^Lind,  A.,  Henson,  E.  B. , and  Pelton,  J.,  1973.  Environ- 
mental Study  of  ERTS-1  Imagery:  Lake  Champlain  and  Vermont, 

2nd  NASA  ERTS  Symposium,  New' Carrol  1 ton , Md. 
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The  three  effluent  patterns  just  described  were  mapped  and 
overlayed  on  the  USGS  Fort  Ticonderoga  15-minute  quadrangle. 
This  map  and  the  ERTS  imageries  just  described  were  pre- 
sented as  evidence  by  the  State  of  Vermont  before  the 
special  U.S.  Supreme  Court  Master. 2 The  imagery  and  composite 
plume  map  were  accepted  as  evidence  by  the  court,  and  this 
action  therefore  marks  the  first  time  that  satellite 
imagery  and  satellite-derived  information  have  been  used 
as  evidence  in  a court  of  law. 

Additional  ERTS  imagery  received  just  recently  is  expected 
to  show  additional  effluent  patterns.  One  example  is  pro- 
vided in  the  August  30,  1973  (Image  No.  1403-15111)  scene. 


LAKE  FLOODING 


A second  major  area  of  concern  pertains  to  the  spring  flood 
cycle  of  Lake  Champlain  which  has  reached  some  record- 
breaking  levels.  Generally,  lake  levels  in  excess  of  30 
meters  above  mean  sea-level  results  in  flooding  of  low- 
land tracts  containing  agricultural  and  residential  areas, 
as  well  as  roads  and  wild  lands.  Flooding  also  occurs 
along  the  Richelieu  River  in  Canada  which  drains  Lake 
Champlain.  For  three  consecutive  years,  high  lake- levels 
have  resulted  in  damages  to  flooded  areas  and  the  question 
of  possible  control  of  the  lake  level  has  been  raised. 

The  proposed  project  is  currently  under  study  by  the  U.S. 
Army  Corps  of  Engineers,  the  International  Joint  Commission, 
and  the  Lake  Champlain  Committee.  At  this  time,  there  is 
need  for  information  on  the  location  and  extent  of  flooding. 
An  examination  of  seasonal  ERTS  data  reveals  that  an  assess- 
ment of  flooding  is  possible.  Examples  are  provided  for 
two  lowland  tracts,  namely  the  Lamoille  delta  region  in 
Chittenden  County  and  the  Otter  Creek-Dead  Creek  area  in 
Addison  County.  Contrasts  between  the  low  lake  level  of 
October  10,  1972  (28.99  m.)  and  the  higher  lake  levels 
of  April  7 (30.60  m.)  and  April  25  (30.30  meters)  are 
clearly  discernible  on  ERTS  coverage  in  MSS  bands  6 and  7. 
Mapping  of  shoreline  positions  is  currently  in  progress  on 
a scale  of  1 :62 ,500. 


TURBIDITY  AND  LAKE  ICE 


Other  limnological,  features  of  Lake  Champlain  which  have 
been  surveyed  through  ERTS  include  turbidity  and  lake  ice. 


^Presented  on  October  4,  1973,  John  F.  Kennedy  Federal 
Building,  Boston,  Massachusetts. 
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into  the  larger  main  lake.  5.  Negligibly  turbid.  The 

. relative  turbidity  is  based  on 
color/tone  patterns  from  a multi- 
spectral  viewer  rendition  of  the  scene. 
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Turbidity  patterns  are  readily  seen  on  ail  good  ERTS  images 
and  mapping  of  these  patterns  has  been  attempted  in  the 
lake’s  major  turbidity  boundary  area  where  the  southern 
turbid  arm  of  Lake  Champl ai n adjoins  the  clearer  waters  of 
the  main  1 ake . Other  patterns  of  turbi di ty  are  also  pre- 
sent and  are  associ ated  with  river  and  stream  outlets  or 
highly  erodible  shore  tracts  where  emergent  lacustrian 
silts  and  clays  come  under  wave  attack,  the  latter  turbi- 
dity patterns  appear  to  be  indicative  of  the  rate  of  shore 
erosi on . ERTS  has  provi ded  the  first  real  opportuni ty  to 
survey  lake  turbi di ty  patterns  in  some  detail  and  con- 
si  derable  vari ati on  in  turbi di ty  patterns  has  been  observed. 
For  example , a rather  dramatic  increase  in  turbidity  extending 
much  beyond  expectations  was  observed  i n the  July  7 , 1973  , 
coverage  (Image  No,  1 349-15120) . Extensive , heavy  rains 
brought  streams  in  the  Champlain  Basin  to  flood  stages 
during  the  first  week  in  July. 

Lake  ice,  1 i ke  turbidity,  is  readi ly  observed  on  ERTS 
imagery , and  comparisons  of  winter  and  spri ng  scenes 
reveal  the  pattern  of  ice  bui 1 d-up  and  decay.  As  with  tur- 
bidity, ERTS  has  provided  a unique  opportuni ty  to  document 
ice  condi tions  in  Lake  Champl ai n . The  detail ed  mapping 
of  ice  patterns  is  awai ti ng  another  freeze-thaw  cycle  since 
winter  coverage  scenes  are  i ncompl ete . Sui table  winter 
coverage  is  more  di f f i cu 1 t to  obtai n due  to  extensive 
winter  cloudiness. 


SUMMARY 


ERTS  imagery  has  si gni f i cantly  benefi ted  both  scienti fic 
analysi s of  Lake  Champl ai n and  the  resource  management 
concerns  of  the  State  of  Vermont.  Appl i cati on  of  ERTS- 
deri ved  data  in  the  U.S.  Supreme  Court  case  of  Vermont  vs . 
Internati onal  Paper  Company  and  New  York  provides  evi dence  for 
water  pol 1 uti on  control . Mapping  of  seasonal  lake  f 1 oodi ng 
gives  gui dance  to  major  domestic  and  i nternati onal  resource 
management  agenci es  contempl ati ng  modi fi cation  of  the  1 ake 
outlet  to  control  1 ake  1 evel . Other , no  less  i mportant 
practi cal  appl i cati ons  of  the  ERTS  experiment  to  limnology, 
include  turbi di ty  and  1 ake  ice  whi ch  can  be  measured 
and  assessed  with  satellite  data.  There  is  1 i ttle  doubt  that 
the  ERTS  experiment  has  provided  new  dimensions  to  the 
study  of  Lake  Champlain , and  as  long  as  ERTS  is  operati onal  , 
addi ti onal  perspecti ves  will  continue  to  be  generated . 
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Paper  W 13 


A REAL  TIME  DATA  ACQUISITION  SYSTEM  BY  SATELLITE  RELAY 

Saul  Cooper,  Chief,  Water  Control  Branch,  Department  of  the  Army,  New  England 
Division,  Corps  of  Engineers 


INTRODUCTION 

The  New  England  region,  shown  on  plate  1,  is  comprised  of  several 
small  watersheds,  draining  hilly  terrain.  With  the  high  density 
population  centers  in  the  southern  three  states  come  the  perennial 
problems  of  flood  damage  and  flood  protection.  Because  of  the  high 
development  that  has  taken  place  along  the  main  stem  of  our  rivers 
since  the  industrial  revolution  and  which  has  continued  in  recent 
years,  nearly  all  our  reservoirs  are  situated  on  tributaries  where 
time  of  concentration  and  reaction  time  from  rainfall  to  floodflows 
are  short.  The  New  England  Division  has  constructed  35  reser- 
voirs, 37  local  protection  projects  and  4 hurricane  barriers  to 
provide  not  only  flood  protection  but  also  some  of  the  other  multi- 
purpose uses  such  as  recreation,  water  supply  and  conservation. 

We  have  no  storage  allocated  for  power,  irrigation  or  navigation. 

In  1969,  the  New  England  Division,  Corps  of  Engineers  installed  an 
Automatic  Hydrologic  Radio  Reporting  Network  consisting  of  41  re- 
mote reporting  stations  and  controlled  by  a computer  to  help  in 
regulating  this  system.  It  is  automatically  interrogated  at  regular 
intervals,  the  information  is  acted  upon  through  several  software 
routines  and  a complete  printout  of  river  stage,  discharge,  precipi- 
tation, etc.  for  all  41  stations  is  available  in  approximately  four 
minutes.  This  system  is  shown  on  plate  2. 

PURPOSE 

In  response  to  NASA^s  solicitation  for  proposals  associated  with 
ERTS  experiments,  we  submitted  one  that  was  accepted.  The  overall 
aim  of  our  experiments  is  to  evaluate  the  future  usefulness  of  satel- 
lites in  the  performance  of  coordination  and  management  functions 
related  to  the  operation  of  flood  control  and  other  multipurpose  proj- 
ects. Our  experiments  can  be  divided  into  two  parts;  (1)  data  col- 
lection and  (2)  imagery. 

This  paper  concerns  our  results  to  date  on  the  data  collection  portion 
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of  our  work^  Our  principal  task  is  to  develop  statistics  that  demon-* 
strate  the  relationship  between  conventional  means  of  acquiring 
hydrologic  data  and  the  contribution  made  by  using  the  satellite  and 
its  data  collection  platforms.  We  are  interested  in  determining  the 
availability^  reliability  and  usability  of  the  data.  Of  course,  the 
ultimate  acceptance  or  rejection  of  any  such  system  will  rely  on  its 
cost  relative  to  other  systems  available. 

DESCRIPTION 

The  satellite,  in  a near  polar  orbit  about  547  nautical  miles  above 
the  earth,  makes  a complete  circuit  every  103  minutes  and  14  day- 
light orbits  a day  (depicted  on  plate  3),  For  the  imagery  portion  of 
the  experiment  it  is  mandatory  that  the  spacecraft  maintain  this 
exact  positioning  in  order  to  obtain  repetitive  coverage  every  18 
days.  For  data  collection,  the  spacecraft  has  to  be  in  view  and  its 
antenna  directed  towards  earth.  Therefore,  whenever  the  spacer 
craft  is  in  mutual  view  of  a remote  station  and  either  Goddard  or 
Golds  tone,  the  information  transmitted  from  the  remote  station  is 
received  by  the  spacecraft  and  relayed  to  the  ground  station.  In 
normal  operation,  the  remote  station  continuously  transmits  data  at 
3-minute  intervals.  The  satellite  is  in  view  for  about  10  minutes 
between  the  times  it  appears  and  recedes  over  the  horizon.  During 
this  period  we  can  obtain  up  to  four  readings  from  the  platforms. 

The  spacecraft  does  not  have  to  be  directly  overhead  to  obtain  a 
reading.  In  addition,  we  normally  receive  data  when  the  satellite  is 
orbiting  on  the  tracts  immediately  east  and  west  of  us.  Therefore, 
during  daylight  hours  we  can  receive  data  from  three  separate  orbits 
with  up  to  four  readings  from  each  orbit  or  a total  of  12  readings  per 
station.  For  imagery  we  are  concerned  about  daylight  passes  be- 
cause the  cameras  are  only  turned  on  during  this  period;  but  daylight 
passes  over  Russia  are  night  passes  over  our  region  and  the  DCS  is 
operational  then  too;  therefore  we  also  receive  data  during  these 
orbits. 

Twenty-seven  platforms  have  been  installed  throughout  the  New 
England  area  from  Fort  Kent,  Maine  to  Stamford,  Connecticut  (the 
locations  of  the  platforms  are  shown  on  plate  4),  Although  the  sites 
were  selected  to  provide  an  overall  assessment  of  environmental 
conditions  throughout  the  New  England  area,  many  were  located  to 
provide  operational  data,  and  some  to  run  in  parallel  with  our  own 
system.  Initial  platforms  were  installed  in  easily  accessible  loca- 
tions so  that  maintenance,  if  required,  would  not  become  too 
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burdensome.  However,  operational  experience  indicated  the  equip- 
ment was  reliable  and  other  platforms  were  installed  in  more  remote 
locations.  In  fact,  in  May  1973,  we  experienced  record  floods  in 
northern  Maine  and  one  of  the  results  of  a meeting  between  officials 
from  Canada  and  the  United  States  was  the  establishment  of  a plat- 
form at  Nine  Mile  bridge  on  the  St,  John  River.  This  is  the  key 
index  station  for  forecasting  floodflows  on  the  St.  John  and  it  is 
inaccessible  during  the  spring  runoff  period,  ERTS  data  will  be  sup- 
plied from  that  station  to  those  responsible  for  flood  forecasts  and 
warnings, 

Plate  5 shows  the  types  of  parameters  being  measured,  i,  e.  , precip- 
itation, river  stage,  coastal  (wind  speed  and  direction),  and  water 
quality  (temperature,  dissolvedbxygen,  pH  and  conductivity). 

RESULTS 

We  have  attempted  to  address  the  basic  questions  of  availability, 
reliability  and  usability.  For  availability  we  have  used  the  18 -day 
ERTS  cycle  to  determine  the  maximum  number  of  reports  possible 
for  each  station  which  is  a measure  of  the  field  of  view  for  the  sta- 
tion. Table  1 shows  the  results  for  selected  sites.  Station  to  sta- 
tion differences  are  primarily  due  to  effects  of  geography  such  as 
elevation,  tree  cover  and  interference  from  hills.  The  high  mountain 
top  stations  have  the  best  field  of  view  while  river  stations  in  the 
valleys  surrounded  by  high  hills  have  the  least.  In  many  instances 
the  platforms  have  been  in  view  about  90  times  during  each  cycle, 
or  5 times  a day,  with  the  single  ERTS-1  satellite. 

Due  to  the  experimental  rather  than  operational  aspect  of  the  study, 
DCP  servicing  has  been  assigned  a low  priority.  This  means  that 
when  a DCP  failure  occurs  it  may  be  a matter  of  weeks  rather  than 
days  or  hours  before  replacement  or  repair.  Thus,  the  bias  intro- 
duced decreases  the  statistical  significance  of  the  results.  Perhaps 
the  statistic  that  best  measures  DCP  reliability  is  the  percentage  of 
good  reports  to  total  received.  For  the  period  January  to  June  1973, 
the  average  reliability  was  computed  at  98.2  percent  and  is  shown 
for  selected  sites  on  table  2.  A report  is  considered  good  if  it  con- 
tains a confidence  level  of  seven  and  any  two  consecutive  messages 
did  not  differ  by  more  than  0.  2 \init. 

MAINTENANCE 

Table  3 lists  the  various  types  of  failures  that  have  occurred  to  the 
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TABU  1 

ERTS-1  DCP  FIELD  OF  VIEW  STATISTICS 


TOTAL  POSSIBLE  REPORTS 

LOCATION  PER  18-OAY  CYCLE 


ST.  JOHN  R.  @ FT.  KENT,  MAINE 

86 

PENOBSCOT  R.  @ W.  ENFIELD,  MAINE 

90 

CARABASSETT  R.  @ N.  ANSON,  MAINE 

80 

ANDROSCOGGIN  R.  @ AUBURN,  MAINE 

78  LEAST 

SACO  R.  @ CORNISH  , MAINE 

83 

PEMIGEWASSET  R.  @ PLYMOUTH,  N.H. 

81 

MERRIMACK  R.  @ GOFFS  FALLS,  N.H. 

88 

ST.  JOHN  R.  @ NINE  MILE  BR.,  MAINE 

90 

CHARLES  R.  @ CHARLES  R.  YILLAGE,  MASS. 

79 

TOWN  BRK.  @ QUINCY,  MASS. 

83 

PAWTUXET  R.  @ CRANSTON,  R.l. 

81 

CONNECTICUT  R.  @ HARTFORD,  CONN. 

90 

STINSON  MT,  N.H. 

92  MOST 

SOUTH  MT. , N.H. 

90 

FRANKLIN  FALLS  DAM,  N.H. 

89 

MAC  DOWELL  DAM,  N.H. 

86 

STAMFORD  BARRIER  @ STAMFORD,  CONN. 

90 

ASHUELOT  R.  @ WINCHESTER,  N.H. 

82 

N.  NASHUA  R.  @ FITCHBURG,  MASS. 

87 

WESTFIELD  R.  @ W.  SPRINGFIELD,  MASS. 

81 

CHICOPEE  R.  @ CHICOPEE,  MASS. 

88 

1205 


TABLE  2 


SUMMARY  ERTS-1  DCS 

RELIABILITY  STATISTICS 

(JANUARY-JUNE  1973) 

TIME  CYCLE 

TOTAL  NUMBER 
REPORTS  RECEIVER 

GOOD  REPORTS 

PERCENT 

GOOO^TOTAL 

1/1-1/18 

762 

771 

98.6 

1/19-2/5 

699 

691 

99.0 

2/6-2/23 

663 

657 

99.0 

2/24-3/13 

743 

734 

98.8 

3/14-3/31 

736 

725 

98.5 

4/1-4/18 

825 

811 

98.3 

4/19-5/6 

800 

786 

98.3 

5/7-5/24 

732 

718 

98.1 

5/25-6/11 

758 

723 

95.5 

6/12-6/29 

764 

753 

98.6 

7,502 

7,369 

96.2 
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TABLE  3 

SUMMARY  ERTS-1  DCP  FAILURES 
(THRU  JUNE  1973)* 

FAILURE  NUMBER  UF  UCCURRENCES 

PROGRAMMER  BOARD  5 

TRANSMITTER  BOARD  1 

DIGITAL  BOARD  4 

FUSE  3 

ANTENNA  1 

ANTENNA  CABLE  2 

BATTERY  4 

BATTERY  CHARGER  2 

SENSOR  3 

25 

’ COVERS  154  DCP-MONTHS,  WHERE  A DCP-MONTH  IS 
EQUIVALENT  TO  ONE  DCP  OPERATING  FOR  ONE  MONTH 


1207 


platforms  and  periphery  equipment*  If  we  consider  only  NASA  sup- 
plied equipment  and  neglect  batteries,  battery  chargers  and  sensors 
then  the  total  number  of  16  equipment  failures  averages  out  to  be  one 
per  10  DCF  months  of  operation.  This  is  very  low  in  comparison  to 
our  own  automatic  hydrologic  radio  reporting  network. 

USABILITY 

For  determining  usability  of  the  data,  a questionnaire  was  forwarded 
to  all  Corps  of  Engineers  offices  requesting  information  on  their 
present  and  future  plans  for  automatic  real  time  data  collection.  Re- 
sults from  this  survey  indicated  that  the  total  number  of  stations  and 
parameters  will  not  change  significantly  during  the  next  five  years. 
However,  the  indication  .was  that  almost  all  stations  4,  000  plus  or 
minus  should  be  equipped  to  transmit  in  an  automatic  near  real  time 
mode  in  the  near  future. 

At  the  present  time  most  hydrologic  data  is  transmitted  by  voice 
radio,  telephone  or  teletype.  Table  4 shows  a comparison  of  present 
transmission  methods  versus  the  five  year  projection  for  automated 
near  real  time  data  collection. 

The  number  of  parameters  measured  will  show  a slight  decrease 
based  on  the  5-year  projection  and  this  is  shown  in  table  5 where  the 
total  number  of  parameters  presently  measured  is  6,  124  and  the 
projected  figure  is  5,  765, 

A siimmary  of  how  often  information  will  be  required  from  the  sensors 
is  presented  in  table  6 and  this  varies  from  over  1, 450  instantaneous 
to  40  biweekly  reports.  Further  information  is  needed  to  determine 
how  important  it  may  be  to  obtain  real  time  instantaneous  data  versus 
hourly  or  3 -hourly  values  in  a real  time  mode. 

IMMEDIATE  GOALS 

Following  is  a list  of  our  immediate  goals: 

a.  Continuing  the  evaluation  studies  of  ERTS  data  collection  and 
imagery  with  a final  report  scheduled  in  August  1974. 

b.  Updating  our  ERTS-B  proposal  as  necessary  to  keep  it 
current. 
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TABLE  6 
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c.  Continuing  our  eoor dination  at  the  working  level  with  all  user 
agencies  in  order  to  keep  abreast  of  their  requirements  and  programs, 

d.  Pursuing  the  acquisition  of  a direct  downlink  for  data  collect 
tion  from  ERTS.  We  consider  this  the  next  logical  step  in  our  evalu- 
ation of  a complete  satellite  data  relay  system  and  we  have  submitted 
a proposal  to  NASA  for  participation  with  us  in  the  establishment  of 

a user  acquisition  station  as  a feasibility  demonstration. 

e.  Determining  unit  costs  for  remote  stations  using  ground 
based  radio  relay  systems.  We  expect  NASA  to  perform  systems 
and  cost  analyses  of  dedicated  satellite  data  collection  systems  for 
cost  comparisons  with  other  available  systems. 

SIGNIFICANT  RESULTS 

Significant  results  on  DCS  show  that  the  DCF's  are  reliable  and 
useful  and  satellite  data  collection  appears  feasible  on  a nationwide 
basis. 


CONCLUSION 

The  Corps  of  Engineers  is  proud  to  have  been  selected  as  a par- 
ticipant in  this  experiment.  We  hope  our  input  will  help  bridge  the 
gap  between  the  scientific  and  user  commiinity.  By  defining  the 
Corps  fxinctional  requirements  we  are  assured  that  any  future  sys- 
tem, whether  ERTS,  GOES,  or  a separate  satellite  will  contain  the 
hardware  to  best  satisfy  our  needs  for  automatic  data  collection. 
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Paper  W 14 

HYDROLOGIC  APPLICATIONS  OF  ERTS-1  DATA  COLLECTION  SYSTEM  IN 
CENTRAL  ARIZONA 

Herbert  H.  Schumann,  U S,  Geological  Survey,  Phoenix,  Arizona 


ABSTRACT 

The  Earth  Resources  Technology  Satellite  (ERTS-1) 
Data  Collection  System  (DCS)  was  used  to  relay 
hydrologic  data  (streamflow  rates,  precipitation 
amounts,  soil  and  air  temperature,  and  snow- 
moisture  content)  from  remote  sites  in  central 
Arizona  to  those  responsible  for  reservoir  manage- 
ment. Three  U.S.  Geological  Survey  streamflow 
gaging  stations,  1 meteorological  station  and  2 
snow-moisture  content  installations  were  equipped 
with  ERTS-1  Data  Collection  Platforms  (DCP’s). 

By  mid-March  1973,  the  high  moisture  levels  on 
the  Salt  and  Verde  River  watersheds,  reduced 
reserve  reservoir  storage  capacity,  and  a large 
potential  for  flooding  in  the  Salt  River  Valley 
presented  a critical  water  management  situation. 
Beginning  on  March  15 , 1973  , the  ERTS-DCS  was 
utilized  to  furnish  near-real  time  information 
on  snow-moisture  content  and  streamflow  rates  to 
the  Salt  River  Project  for  use  in  the  management 
and  operation  of  reservoirs  on  the  Salt  and  Verde 
Rivers.  The  Salt  River  Project,  aided  by  near- 
real  time  hydrologic  data  furnished  by  both 
microwave  and  ERTS-telemetry , was  successful  in 
predicting  the  volume  of  runoff  into  the  reservoirs. 
Serious  flooding  in  the  downstream  Phoenix  metro- 
politan area  was  prevented  by  prudent  water  manage- 
ment. 


INTRODUCTION 

The  inability  to  accurately  measure  or  monitor  rapidly  chang- 
ing moisture  conditions  over  large  and  remote  areas  presents 
serious  water-management  problems  in  Arizona  and  other  arid 
regions  of  the  world.  The  lack  of  timely  information  on  the 
distribution  and  amounts  of  precipitation,  snow-water  content, 
and  streamflow  rates  cause  vexing  problems  related  to  multiple- 
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use  reservoir  operations  that  can  and  have  resulted  in  the 
loss  of  valuable  water  resources,  caused  millions  of  dollars 
worth  of  downstream  property  damage  and  even  the  loss  of 
lif  e . 

The  principal  objective  of  the  ERTS-1  Data  Collection 
System  (DCS)  Experiment  in  Arizona  is  to  test  and  evaluate 
applications  of  near  real-time  satellite  telemetry  of  hydro- 
logic  data  to  assist  in  the  management  of  Arizona's  water 
resources.  Six  ERTS  Data  Col lection  Platforms  (DCP's)  are 
being  used  to  relay  information  on  streamflow  rates,  pre- 
cipitation amounts,  snow-moisture  content,  and  air  and 
soil  temperatures  from  remote  sites  in  central  Arizona 
(fig.  1). 

The  Salt  and  Verde  River  watersheds  include  approximately 
34 , 000  square  kilometers  (13 , 000  square  miles  ) of  central 
Arizona,  range  in  altitude  from  about  400  to  3,900  meters 
(1,325  to  12,670  feet)  above  mean  sea  level,  and  receive 
from  25  to  65  centimeters  (10  to  25  inches ) of  annual  pre- 
cipitation (fig.  1) . Runoff  from  the  Salt  and  Verde  Rivers 
is  regulated  by  six  reservoirs  that  are  operated  by  the 
Salt  River  Project.  These  reservoirs  furnish  hydroelectric 
power  and  municipal,  industrial,  and  irrigation  water  to 
the  Salt  River  Valley  (the  Phoenix  area)  of  Maricopa  County, 
Arizona  (fig.  1) . 

UNUSUAL  HYDROLOGIC  CONDITIONS  IN  1972-73 

Winter  precipitation  was  60  and  100  percent  above  average 
on  the  Salt  and  Verde  River  watersheds  respectively  and 
produced  record  snowpacks  according  to  the  U.S.  Soil  Conser- 
vation Service  (fig.  5).  The  3.8  meters  (150  inches)  of 
snow  measured  at  Mt . Ord  on  April  1,  1973  was  the  greatest 
snow  depth  ever  measured  in  Arizona. 

The  record  snowfall  in  central  Arizona  resulted  in  the 
largest  amounts  of  streamflow  recorded  in  the  past  53  years 
on  the  Verde  River  and  in  the  past  32  years  on  the  Salt  River. 
The  Salt  and  Verde  Rivers  combined  yielded  more  than  3.7 
cubic  kilometers  (3  million  acre-feet)  of  water. 
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HYDROLOGIC  DATA  COLLECTION 

The  DCS  is  being  used  to  relay  hydrologic  information  from 
remote  sites  in  Gentral  Arizona  (fig.  1).  Three  U . S . Geo- 
logical Survey  (USGS)  streamflow  gaging  stations,  two  snow- 
moisture  content  installations  (snow  pillows) , and  one  meteo- 
rological station  have  been  equipped  with  DCP * s (figs.  1, 

2 , and  3 ) . 

Streamflow  Information 

Three  USGS  streamflow  gaging  stations  located  on  the  Verde , 
Gila,  and  Black  Rivers  were  equipped  with  digital  water- 
stage  recorders,  modified  for  telemetry,  and  DCP Vs  operating 
in  the  digital-parallel  mode  (fig.  1).  These  DCP * s transmit 
stream  stage  information  4 to  5 times  per  day  on  the  average 
(stream  stage  or  gage  height  is  the  water  surface  elevation 
referred  to  some  arbitrary  gage  datum)  (fig-  4). 

The  DCS , operating  in  the  parallel  digital  mode , is  capable 
of  furnishing  significant  amounts  of  streamflow  information 
on  a near-real  time  basis.  However,  the  serial-digital  DCS 
capability,  currently  under  development  by  the  USGS  for  trans- 
mitting streamflow  data,  should  provide  data  of  even  greater 
utility  for  determining  times  of  flood  peaks  and  the  rate  of 
change  of  streamflow.  The  ability  of  the  DCS  to  provide 
early  warning  of  hydrologic  sensor  failure  is  an  unexpected 
and  significant  benefit.  On  several  occasions  DCS-f urnished 
information  indicated  water- stage  recorder  failures  or  other 
mechanical  problems  that  saved  many  weeks  of  valuable  strearn- 
flow  record. 

Snow-Moisture  Content  Information 

The  snow  pillow,  located  at  2,225  meters  (7,300  feet)  above 
mean  sea  level  on  Baker  Butte  northeast  of  Bartlett  Reservoir 
was  equipped  with  a digital  water-stage  recorder  with  tele- 
metry capability  and  a DCP  by  the  USGS  working  in  cooperation 
with  the  U.S.  Soil  Conservation  Service  and  the  U.S.  Forest 
Service  (fig.  1) . The  use  of  the  ERTS  DCS  to  relay  snow- 
moisture  content  data  from  this  installation  is  believed  to 
be  the  first  attempt  at  telemetry  of  snow  data  within 
Arizona  (fig.  3). 
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OPERATIONAL  APPLICATIONS 


In  addition  to  the  DCP  the  Verde  River  streamflow  gage  was 
equipped  with  microwave  telemetry  by  the  Salt  River  Project 
(SRP) . On  Feb.  21,  1973  the  microwave  telemetry  failed  and 
the  SRP  requested  streamflow  information  from  this  station 
on  an  emergency  basis.  The  reservoirs  on  the  Verde  River 
were  filled  to  within  95  percent  of  capacity  and  it  had 
become  necessary  to  release  water  to  maintain  sufficient 
reserve  reservoir  storage  capacity  to  protect  the  downstream 
Phoenix  metropolitan  area  from  major  flood  damage.  Using 
DCS  data  received  from  the  NASA  Goddard  Space  Flight  Center 
by  telephone,  the  USGS  was  able  to  furnish  the  SRP  with  the 
requested  streamflow  information  within  26  minutes  from  the 
time  of  transmission  to  the  ERTS-1  satellite. 

By  March  1,  1973,  continued  high  moisture  levels  on  the  Salt 
and  Verde  River  watersheds,  reduced  reserve  reservoir  storage 
capacity,  and  a large  potential  for  serious  flooding  in  the 
Salt  River  Valley  presented  a critical  water  management 
situation.  On  March  15,  1973,  the  SRP  requested  all  avail- 
able data  from  DCS  equipped  installations  on  their  watersheds 
for  use  in  the  management  and  operation  of  their  reservoir 
system.  At  the  request  of  the  USGS,  these  data  were  furnished 
by  the  NASA  Goddard  Space  Flight  Center  directly  to  the  SRP 
twice  daily  by  telephone  between  Mar.  15  and  May  22,  1973. 
Using  a procedure  developed  by  the  USGS  for  rapid  conversion 
of  these  DCS  data  into  engineering  units,  SRP  personnel  were 
able  to  utilize  DCS- furnished  streamflow  and  snow-moisture 
content  information  operationally  in  near-real  time. 

The  Salt  River  Project,  aided  by  near-real  time  hydrologic 
data  furnished  by  both  microwave  and  ERTS— DCS  telemetry,  was 
successful  in  predicting  the  volume  of  runoff  into  the 
reservoirs.  Flooding  in  the  downstream  Phoenix  metropolitan 
area  was  prevented  by  prudent  water  management-  This  was 
accomplished  although  the  watersheds  of  central  Arizona 
produced  the  greatest  amounts  of  streamflow  recorded  in 
recent  years.  Flooding  did  occur  on  about  810  hectares 
(2,000  acres)  of  agricultural  lands  along  the  Gila  River 
west  of  Phoenix  (fig-  6)  - 

The  large  amounts  of  runoff  from  the  Salt  and  Verde  River 
watersheds  filled  the  reservoirs  and  necessitated  the 
release  of  more  than  1.2  cubic  kilometers  (1  million  acre- 
feet)  of  water,  valued  at  more  than  $10,000,000,  into  the 
normally  dry  Salt  River  channel  above  the  Phoenix  metropol- 
itan area.  These  releases  of  water  caused  the  closing  of 
many  roads  across  the  Salt  River  in  the  Phoenix  area.  These 
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road  closings  resulted  in  an  estimated  wage  and  sal ary  loss 
of  $11/000,000  according  to  the  Maricopa  County  Civil  Defense 
Agency.  However/  the  number  and  duration  of  the  closings 
were  minimized  in  part  by  the  utilization  of  ERTS  DCS  data. 

FUTURE  OPERATIONAL  APPLICATIONS 

Recent  research  in  Arizona  indicates  that  air  temperature 
and  precipitation  data  are  needed  in  addition  to  snow- 
moisture  content  data  to  more  effectively  relate  snowmelt 
rates  and  resultant  runoff.  Air  temperature  and  precipita- 
tion sensors  were  incorporated  in  the  new  DCP  equipped  snow- 
water content  installation  that  was  established  on  the  Black 
River  drainage  in  eastern  Arizona  during  the  past  summer 
(fig.  1).  The  Baker  Butte  snow-moisture  content  installation 
has  also  been  equipped  with  air  temperature  and  precipitation 
sensors. 

During  the  summer  of  1973,  three  DCP * s were  relocated  on 
other  uses  streamflow  gaging  stations  to  better  monitor 
moisture  conditions  of  the  Salt  and  Verde  River  watersheds 
during  the  coming  winter  runoff  season.  The  DCP  from  the 
Verde  River  gage  was  installed  on  the  West  Clear  Creek  gage 
to  help  study  the  relationship  between  runoff  and  snowmelt 
rates  as  indicated  by  the  DCP  equipped  snow-mois ture  content 
site  at  Baker  Butte  in  the  upper  West  Clear  Creek  drainage 
(fig.  1).  The  DCP  from  the  Gila  River  gage  was  relocated 
on  the  White  River  gage  above  the  confluence  with  the  Black 
River.  The  DCP  from  the  upper  Black  River  gage  was  installed 
on  the  Black  River  gage  above  the  confluence  with  the  White 
River  (fig.  1).  These  gages  record  about  85  percent  of  the 
runoff  into  the  Salt  River. 

Future  plans  also  include  the  development  of  a data  handling 
procedure  to  furnish  water  management  with  near-real  time 
DCS  data  that  has  been  converted  into  engineering  units.  The 
DCS  data  will  be  converted  into  engineering  units  by  the  USGS 
computer  system  in  Washington,  D.C.  and  will  be  received  in 
Arizona  through  a small  computer  terminal. 
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SUMMARY  AND  CONCLUSIONS 


The  DCS  is  capable  of  furnishing  significant  amounts  of 
hydrologic  information  on  a near-real  time  basis.  The 
ability  of  the  DCS  to  furnish  early  warning  of  hydrologic 
sensor  failure  is  an  important  benefit  that  can  assist  in 
the  management  of  hydrologic  data  networks  and  prevent  the 
loss  of  valuable  hydrologie  record. 

The  DCS  was  utilized  to  furnish  near-real  time  information 
on  snow-moisture  content  and  streamflow  rates  to  the  Salt 
River  Project  for  use  in  the  raanagement  and  operation  of 
reservoirs  on  the  Salt  and  Verde  Rivers  between  Mar.  15 
and  May  22,  1973,  The  Salt  River  Pro ject,  aided  by  near- 
real  time  hydrologic  data  furnished  by  both  microwave  and 
DCS  telemetry , was  successful  in  predicting  the  volume  of 
runoff  into  the  reservoirs.  Serious  flooding  in  the  Phoenix 
metropolitan  area  was  prevented  by  prudent  water  management. 
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Figure  3.  Snow  Pillow  at  Baker  Butte,  Arizona  Equipped  With 
ERTS  Data  Collection  Platform 
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FIGURE  4. —STREAM  GAGE  HEIGHTS  AND  SNOW-WATER  CONTENT 
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FIGURE  5,  — SALT  AND  VERDE  RIVER  WATERSHED  SNOW-WATER  EQUIVALENTS 
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APPLICATIONS  OF  ERTS  DATA  TO  COASTAL  WETLAND  ECOLOGY  WITH 
SPECIAL  REFERENCE  TO  PLANT  COMMUNITY  MAPPING  AND  TYPING  AND 
IMPACT  OF  MAN 

Richard  R.  Anderson,  Virginia  Carter,,  John  McGinness,  Department  of  Biology,  The  American 
University,  Washington,  D.  C. 


ABSTRACT 

Complete  seasonal  ERTS-1  coverage  of  Atlantic  coastal  wetlands 
from  Delaware  Bay  to  Georgia  provides  a basis  for  assessment 
of  temporal  data  for  wetland  mapping,  evaluation,  and 
monitoring.  Both  MSS  imagery  and  digital  data  have  proved 
useful  for  gross  wetland  species  delineation  and  determination 
of  the  upper  wetland  boundary.  Tidal  effects  and  (band  to 
band  or  seasonal)  spectral  reflectance  differences  make  it 
possible  to  type  vegetatively  coastal  wetlands  in  salinity 
related  categories.  Management  areas,  spoil  disposal  sites, 
drainage  ditches,  lagoon-type  developments  and  highway 
construction  can  be  detected  indicating  a monitoring  potential 
for  the  future, 

A northern  test  site  (Maryland -Virginia)  and  a southern  test 
site  (Georgia-South  Carolina),  representing  a range  of  coastal 
marshes  from  saline  to  fresh,  were  chosen  for  intensive  study. 
Wetland  maps  were  produced  at  various  scales  using  both  ERTS 
imagery  — bands  5 and  7 — and  digital  data  — bands  4,  5 and 
7.  A Bausch  and  Lomb  Zoom  Transfer  Scope  and  various  overlay 
techniques  were  used  with  either  9-1/2"  black  and  white 
transparencies  or  enlarged  black  and  white  prints.  Diazo 
color  composites,  color  enhancement  techniques,  and  multi- 
spectral  manipulation  were  used  to  supplement  this  information. 

Data  will  be  useful  for  coastal  wetland  inventories,  updating 
acreage  estimates,  mapping  boundaries,  detecting  seasonal 
changes,  detecting  and  monitoring  man’s  impact.  Resolution 
limitations  allow  for  mapping  to  a 1/125,000  scale. 

Results  are  being  applied  directly  to  a Dismal  Swamp  study  with 
U.S. Geological  Survey.  There  is  potential  application  to 
on-going  programs  in  Georgia  and  South  Carolina  and  to  the 
Coastal  Zone  Management  Act  and  a National  Wetlands  Law, 
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INTRODUCTION 


During  the  last  five  years  there  has  been  established  a clear  need  for 
development  of  a rapid , relatively  low  cost  method  for  mapping  and 
monitoring  coastal  wetlands.  This  period  has  been  one  of  unprecedented 
activity  by  state  governments  to  preserve  this  sensitive  and  threatened 
aquatic  ecosystem.  Laws  regulating  the  types  of  activity  in  wetlands 
have  been  passed  in  almost  all  Atlantic  coastal  states.  To  implement 
this  wetland  legislation,  coastal  wetland  mapping  efforts  have  been 
initiated  which  utilize  a variety  of  methods.  New  Jersey,  Maryland 
and  South  Carolina  have  been  among  the  most  active  users  of  remotely- 
sensed  data  as  a wetland  mapping  tool.  The  New  Jersey  program  (conducted 
by  Anderson  and  Earth  Satellite  Corporation)  is  the  most  ambitious  and 
will  soon  complete  mapping  all  the  state  Vs  coastal  wetlands  to 
national  map  accuracy  standards  using  low  altitude  color  infrared 
photography.  However,  this  technique  is  too  expensive  for  many  states 
to  use  on  a routine  basis. 

The  recently  passed  Coastal  Zone  Management  Act  and  the  proposed 
National  Wetlands  Law  (H.B.  139)  are  indicative  of  increasing  awareness 
within  the  federal  government  of  the  need  to  protect  coastal  resources. 

It  may  soon  be  necessary  to  map  and  monitor  wetlands  on  a national 
scale . 


With  the  launch  of  lRTS-1  in  July,  1972,  repetitive  satellite  data 
first  became  available  for  the  investigation  of  earth  resources. 

This  research  was  initiated  to  determine  the  feasibility  of  using 
these  data  to  monitor  and  map  coastal  wetland  phenomena.  The  broad 
Sobjectives/goals  of  the  research  were  as  follows:  Test  the  usefulness 

of  ERTS  data  for  (1)  delineation  and  mapping  of  coastal  wetlands 
^’Communities  and  boundaries;  (2)  identification  of  wetland  type  for 
^:^;management  and  maintenance  of  dependent  wildlife  populations;  (3) 
monitoring  of  wetlands  for  natural  and  man-made  reductions  in  pro* 
ductivity  and  (4)  mapping  of  shallow  waters . The  first  three 
^4wbbj actives  have  been  met  using  ERTS  data.  The  fourth  has  not  received 
^,,s«>««<sufficient  experimentation  due  to  high  water  turbidity  in  the  test 


sites. 


£|4!he  general  study  area  includes  coastal  wetlands  from  Maryland  to 
"^'tieorgia.  Two  principal  test  sites  were  established  for  intensive  use 
Ciof  ERTS  data.  These  were  in  the  Chesapeake  Bay  (Fig.  1)  and  portions 
of  the  coast  of  South  Carolina  and  Georgia  (Fig.  2).  For  detailed 
discussion  of  the  vegetational  characteristics  of  these  areas 
reference  should  be  made  to  a previous  paper  by  the  authors  (1) . 


The  authors  are  particularly  Indebted  to  the  NASA  aircraft  support 
programs  operated  from  Ames  Research  Center,  California,  and  the 
Johnson  Spacecraft  Center,  Texas.  Under flight  data  have  been 
invaluable  as  interpretive  aids  for  the  ERTS  imagery. 
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Figure  1.  Map  Showing  location  of  Chincoteague  (Figure  3)  and  Nanticoke  (Figure  6)  test  sites. 
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Figure  2.  Georgia  Test  Site 
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RESULTS  OF  THE  STUDY 


I.  ERTS  Data  Interpretation 
a.  Techniques . 

ERTS  positive  transparencies  at  a scale  of  1:1,000,000  have  high 
resolution  and  excellent  contrast.  The  film  density  of  coastal  wetlands 
is  quite  high,  especially  in  MSS  7,  making  the  wetland/upland  boundary 
quite  distinct  except  in  tidal  freshwater  wetlands.  MSS  7,  supplemented 
by  MSS  5,  has  proved  most  useful  for  preparation  of  wetland  maps  by 
visual  interpretation  methods  using  imagery  as  received.  A combination 
of  winter/ summer  imagery  makes  it  possible  to  map  the  upper  wetland 
boundary  in  tidal  freshwater  wetlands. 

Processing  techniques  at  Goddard  Space  Flight  Center  favor  the  more 
highly  reflective  upland  features.  For  this  reason  special  dark  room 
processing  has  been  used  to  produce  negatives  and  prints  favoring 
interpretation  of  saline  wetland  species  composition  and  the  land/water 
interface.  Most  detail  in  the  uplands  is  lost  at  the  level  of  over- 
exposure needed  to  map  the  extent  of  species  like  Spartina  alterniflofa 
which  have  a large  quantity  of  background  water, 

A number  of  data  enhancement  techniques  have  been  investigated  for 
their  usefulness  as  interpretive  aids  and  for  possible  automatic 
interpretation  and  laapping  of  wetlands.  These  techniques  are  discussed 
briefly  below: 

1.  Diazo  color  composites:'^  Color  composites  using  three  MSS  bands, 
either  standard  1:1,000,000  imagery  or  enlarged  positive  transparencies, 
have  been  prepared  using  this  inexpensive  and  rapid  technique. 
Registration  of  bands  is  laborious  and  at  times  difficult,  but  the 
resulting  composites  successfully  enhance  selected  features. 

2.  Density  slicing:  Both  Datacolor  and  Interpretation  Systems 

Incorporated  have  been  used  for  single  band  density  slicing.  These 
systems  have  a capability  for  area  measurement  which  could  be  extremely 
useful.  However,  the  ability  of  these  systems  to  supply  area 
measurements  is  dependent  upon  isolation  of  the  feature  of  interest 

in  a single  band.  Density  slicing  is  a subjective  process  and  the 
user  must  interact  with  the  system  to  achieve  the  most  effective 
enhancement  of  the  data, 

3.  Multispectral  analyses:  The  EROS  program  has  developed  an 

Autographic  Theme  Extraction  System  (ATES)  located  at  the  EROS  Data 
Center  in  Sioux  Falls.  Binary  theme  extractions  from  ATES  have  been 
used  to  interpret  ERTS  imagery  of  the  Dismal  Swamp.  There  are  some 
indications  that  an  automated  system  will  be  able  to  extract  coastal 
wetlands  as  an  isolated  theme.  One  of  the  system  components  — the 
Multispectral  Image  Analysis  System  — is  a versatile  machine  which 
combines  and  displays  several  ERTS  bands  simultaneously.  Composites 
may  be  made  from  density-sliced  bands  or  positive-negative  combinations. 
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Registration  is  tedious  and  there  is  very  little  magnification  available 
since  the  machine  is  intended  to  supply  basic  information  to  a 
photographic  system. 

Some  work  has  been  done  using  the  S tanf  ord  Research  Institute  Vs  ESIAC  ; 
but  while  the  analysis  of  seasonal  or  temporal  data  is  of  interest  to 
us,  our  output  from  the  system  is  not  quantitative.  The  2 band 
ratioing  capability  of  the  system  is  presently  under  investigation. 

In  addition  to  imagery,  a limited  quantity  of  ERTS  digital  data  have 
been  analyzed  using  the  ERTS_ANALYSIS  SYSTEM  (2)  developed  by  J . 

Schubert  at  Goddard  Space  Flight  Center  (NASA).  The  system  accesses 
ERTS-CCT’s  directly  and  produces  a geographically  referenced  printer- 
plot  map  of  analyzed  data  at  a scale  of  1:20,000.  A marsh  vegetation 
analysis  algorithm  for  use  with  this  system  was  developed  from  ISCO 
field  spectral  .reflectance  measurements  and  ground  truth  data. 

b.  Effects  of  tidal  stage  and  season  on  image  interpretation. 

1.  Tidal  stage:  Images  taken  over  the  Georgia  coast,  Ossabaw  Island 

area,  on  different  dates  were  analyzed  for  effects  of  tidal  height  on 
imagery  interpretation  in  wetlands.  In  addition,  ERTS  images  and  U-2 
photography  from  different  dates  over  Charleston,  S.C,,  area  were 
examined  to  check  the  interpretation  of  the  Georgia  Images  and  to 
examine  tidal  effects  in  the  upper  reaches  of  tidal  rivers.  The 
approximate  time  of  imagery  relative  to  high  or  low  tide,  tidal  height 
above  mean  low  water  and  tidal  range  were  calculated  using  the  Tide 
Table,  High  and  Low  Water  Predictions  for  East  Coast  of  North  and 
South  America,  1972  and  1973  , published  by  NOS  (NOAA)  . 

Figure  3 is  an  MSS  7 image  of  the  Ossabaw  Island  test  site  on  the 
Georgia  Coast  taken  at  low  tide.  Drainage  patterns  are  very  clear 
and  a high  berm  or  levee  where  mud  flat  and  plant  species  Borrichia 
frutescens  and  Spartina  alterniflora  predominate,  can  be  resolved. 
Separation  and  delineation  of  major  species  associations  is  difficult 
at  this  tidal  stage. 

Figure  4 is  an  MSS-7  image  of  the  same  area  taken  at  high  tide.  The 
berm  area  (”C”)  is  discernable  and  species  separation  is  easier  than 
in  the  image  taken  at  low  tide.  There  is  good  differentiation  between 
low  growth  and  high  growth  forms  of  Spartina  alterniflora.  The  areas 
of  high  growth  b.  alterniflora  occur  at  creek-side  and  creed-end  and 
are  light  in  tone.  Low  growth  forms  of  Spartina  alterniflora  occur  on 
higher  ground,  but  grow  so  sparsely  that  the  water  background  affects 
scene  reflectance.  Areas  containing  predominantly  Juncus  roemarianus 
can  be  separated  from  those  containing  predominantly  Spartina 
alterniflora  at  this  tidal  stage  since  an  overall  light  reflectance  is 
characteristic  of  Spartina  alterniflora  areas  where  large  amounts  of 
background  water  are  present . Fresher  marshes  containing  Spartina 
cynosuroides  and  associated  species  have  a higher  reflectance  than 
the  more  brackish  Juncus  marshes  and  may  also  be  separated  on  this 
image.  The  upper  wetland  boundary  is  difficult  to  delineate  inland 
because  of  the  high  reflectance  of  fresh  water  species. 
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2.  Season:  Seasonal  change  is  not  a critical  factor  in  interpreting 

saline  wetlands  once  growth  of  all  species  has  begun.  However,  as 
the  water  becomes  fresher,  the  species  mixture  becomes  more  complex 
and  the  vegetative  cover  more  reflective  in  the  IR.  The  upper  wetland 
boundary  becomes  increasingly  difficult  to  identify  in  band  7 with 
distance  inland  during  the  growing  season.  Supplementing  the 
interpretation  with  band  5 imagery  aids  delineation  since  the  marsh 
shows  a grey-level  reflectance  distinguishable  from  spoil  and 
agriGulturai  fields  (lighter)  and  water  or  woods  (darker).  However, 
the  best  method  using  B/W  imagery  is  to  delineate  upper  wetland 
boundaries  on  band  7 of  winter  or  early  spring  imagery  (3/23/73)  and 
to  attempt  species  discrimination  using  band  7 and  5 imagery  taken 
midway  to  late  in  the  growing  season. 


11  • Achievement  of  Research  Objectives 

a.  Delineation  and  mapping  of  wetland  communities  and  boundaries. 

Both  ERTS  imagery  and  ERTS  digital  data  have  been  used  to  accomplish 
this  objective.  Fig.  5 is  a wetland  map  of  the  Chincoteague  salt 
marsh  complex  in  Virginia  made  to  an  original  scale  of  1:250,000  using 
MSS  7 (1079-15140  Sept.  7,  1972)  and  a Bausch  and  Lomb  Zoom  Transfer 
Scope.  Four  categories  are  shown:  (1)  upland  vegetation  and  beach, 

(2)  water,  (3)  Spartina  alterniflora/Salicornia  sp.  association,  and 
Spartina  patens/Distichlis  spicata/lva  frutescens  association. 

The  upper  wetland  boundary  is  generally  sharp  except  where  broad 
transition  zones  exist.  The  marsh-water  interface  is  sometimes  diffi- 
cult to  determine  in  areas  interlaced  with  numerous  small  tributaries 
or  sparse  patches  of  vegetation.  "A”  is  an  accreted  area  of  sand  and 
marsh  not  shown  in  the  USGS  1:250,000  map  published  in  1946.  ”B”  and 

are  spoil  areas  and  is  a fresh  water  impoundment  in  the 
Chincoteague  Wildlife  Refuge. 

Fig.  6 is  a computer-generated  vegetation  map  of  the  small  marsh  island 
within  the  Chincoteague  test  area.  Analysis  of  ERTS  digital  data 
makes  maximum  use  of  grey-level  resolution.  Eight  categories  of 
marsh  vegetation  and  marsh  features  were  identified  at  an  approximated 
scale  of  1:20,000.  These  categories  are: 

1 - water 

sandy  mudflat 

/ organic  mudflat,  sparsely  vegetated 
_ spoil 
I Iva  frutescens 
^ Spartina  patens  association 

^ Spartina  alterniflora  association 

? unidentified 

For  comparison.  Fig.  7 is  a reproduction  of  the  same  area  from  a high 
altitude  color  Infrared  photograph. 
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Figxire  6.  Computer  Generated  Map  of  Area  A Figure  7.  Color  IR  Aerial  Photo  of  Area  A 
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Refinement  of  the  signature  analysis  algorithm  should  improve  the 
mapping  capability  and  allow  extrapolation  to  other  salt  marshes  with 
similar  vegetative  associations.  Those  along  the  Atlantic  Coast  and 
in  other  countries  such  as  southern  England  would  be  prime  candidates. 

Fig.  8 is  a wetland  map  of  the  Nanticoke  Marsh  (1079-15133,  MSS7,  Oct. 

10,  1972)  made  at  an  original  scale  of  1:250,000  by  overlaying  the 
1:1,000,000  scale  image  enlarged  with  an  overhead  projector.  Fig.  9 
is  an  enlargement  of  the  same  area  from  ERTS  image  # 1349-15134-7, 

June  1,  1973.  Species  composition  in  this  marsh  is  typical  of  a 
brackish  water  environment . The  area  shown  is  approximately  10  miles 
long  and  5 miles  wide.  A number  of  tree  islands  dot  the  marsh,  the 
largest  of  which  contains  the  small  community  of  Elliots’  Island, 
Maryland.  Wetland  vegetation  includes  a Juncus  roemarianus/Sclrpus 
sp. (three  square) /Spartina  alternif lora  association  in  the  lower  marsh 
areas.  The  high  marsh  community,  Spartina  patens/Distichlis  spicata/ 

Iva  f r u t es c ens / Bacc har i s halimifolia,  is  primarily  located  along  the 
edges  and  near  the  single  road.  Toward  the  northern  end  of  the  marsh, 
the  water  becomes  less  saline.  Stands  of  Spartina  cynosuroides  occupy 
the  stream  margins  within  this  portion  of  the  marsh.  Isolated  stands 
Phragmites  communis  occur,  but  they  are  generally  too  small  to  be 
detected  on  the  ERTS  imagery.  Because  the  signature  of  the  dominant 
low  marsh  species  Juncus  roemarianus  is  close  to  that  of  water,  it 
is  difficult  to  delineate  the  marsh-water  interface  within  the  marsh 
itself. 

Mapping  at  a scale  of  1:250,000  is  adequate  for  the  general  delineation 
of  large  marshes  and  for  rather  gross  plant  species  associations. 
Enlargement  of  the  imagery  to  a scale  of  1:125,000  provides  additional 
information  when  processing  is  done  to  enhance  the  contrast  in  denser 
parts  of  the  images.  Overlays  can  be  made  directly  from  the  prints 
which  show  the  marsh-water  interface  and  upper  wetland  boundary  clearly. 
Where  broad  successional  zones  exist,  these  can  also  be  mapped  and 
smaller  plant  communities,  occasionally  less  than  25  meters  in  diameter, 
can  be  identified  in  high  contrast  areas.  In  addition,  open  and 
vegetated  ditches  dug  for  drainage  or  agriculture  can  be  recognized 
and  indicated  on  the  map.  Further  enlargement  of  the  imagery  is  not 
productive  unless  the  optics  of  the  enlarging  system  are  exceptionally 
good.  The  use  of  digital  data  is  clearly  indicated  where  detailed 
mapping  is  desired. 

b.  Identification  of  wetland  type  for  management  and  maintenance  of 
dependent  wildlife  populations. 

The  categorization  of  tidal  wetlands  according  to  salinity  gradients 
is  valuable  information  to  wildlife  management  agencies.  Plant  species 
composition  varies  depending  on  the  amount  of  salt  in  the  water  or 
soil.  The  general  range  of  salt  tolerance  is  known  for  most  wetland 
plants.  Hence,  species  composition  may  be  inferred  from  salinity 
categories.  It  appears  that  through  the  analysis  of  spectral  reflectance 
differences  (band  to  band  or  seasonal)  on  ERTS  data,  one  can  type 
coastal  wetlands  into  three  categories;  saline,  brackish  and  fresh. 

The  boundaries  among  these  tend  to  be  indistinct  but  generalizations 
on  the  extent  of  each  type  may  be  made. 
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Fig,  10  is  part  of  the  10/12/72  band  7 (1081-15264)  image  of  the 
Charleston,  S.C.,  area  showing  the  coastal  marshes  inland  to  Lake 
Moultrie.  The  city  of  Charleston  is  primarily  located  on  2 large 
masses  of  land  which  jut  southward  Into  Charleston  Harbor,  Proceeding 
inland  from  the  coast  along  the  Wando,  Cooper,  Ashley  and  Stono  Rivers, 
the  water  becomes  progressively  less  saline  and  the  vegetation  changes 
accordingly^  Because  of  the  tidal  ebb  and  flow,  broad  transitipiml 
areas  of  vegetation  exist  and  exact  boundaries  are  difficult  to  place, 
Fig.  11  is  a wetland  map  of  the  area  made  from  ERTS  images  1081-15264-* 
5,7  and  1243-15274-7  using  a Bausch  and  Lomb  Zoom  to 

compile  at  a scale  slightly  larger  than  1:250 i 000. 

Three  categories  of  marsh  were  identified: 

Category  1,  Salt  marsh  containing  predominantly  Spartina  alterniflora 
with  subdominants  present  in  varying  amounts,  usually  at  or  near  the 
upper  wetland  boundary. 

Category  2 . Near-saline  to  brackish  marsh  containing  predominantly 
JunCus  roemarianus  with  stream  channels  bordered  by  Spartina 
alterniflora  at  the  more  saline  and  Spartina  cynosuroides  at  the 
fresher  end. 

Category  3,  Brackish  to  fresh  marsh  containing  large  stands  of 
Spartina  cynosuroides  along  stream  margins  with  Scirpus  americanus 
olneyi  (three-square)  or  Juncus  romarianus  often  filling  in  the 
remaining  area.  Subdominants  include  Scirpus  ap , , Zizania  aquatica 
(wild  rice),  Juncus  sp.  As  the  water  becomes  fresher,  Sagittaria  sp, 
(arrowhead) , Nuphar  advena  (yellow  water  lily) , Pontederie  cordata 
(pickerelweed) , Peltandra  virginica  (arrow  arum) , Lilaeopsis  chinensis, 
and  Typha  sp,  (cattail),  become  co-dominants  with  Spartina  cynosuroides. 

c.  Monitoring  of  wetlands  for  natural  or  man-made  reduction  in 
productivity. 

Natural  reduction  in  productivity  due  to  successional  trends  (e.g. 
wetland  to  dryland)  must  be  ascertained  over  longer  periods  of  time 
than  this  study  permits  but  present  base-line  data  will  be  extremely 
useful  for  this  purpose.  Wetland  areas  affected  by  man’s  activities 
such  as  damming  and  river  flow  diversion,  dredge,  fill,  road 
construction  and  lagooning  — can  be  detected  with  ERTS  imagery. 

1.  Damming  and  river  flow  diversion:  The  physical  effects  of  each 

of  these  activities  on  an  estuary  or  river  are  similar.  Both  alter 
rate  of  flow  (cubic  feet/second)  and  salinity  gradients  along  coast- 
lines. Dams  tend  to  cause  seasonal  fluctuations  in  flow  and  salinity, 
whereas  flow  diversions  are  permanent  and  fluctuate  less.  Reductions 
in  flow  cause  greater  intrusion  of  the  ’’salt  the  estuary. 

Flow  diversions  may  result  in  much  lowered  salinities,  altering  mixing 
patterns  and  gradients.  Since  most  wetland  plants  and  animals  have 
rather  clearly  defined  tolerances  to  soil  moisture  and  salinity, 
damming  and  flow  diversion  can  have  a considerable  effect  on  the 
biology  of  disturbed  rivers  and  estuaries. 
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Figure  10.  ERTS  Image  1081-15264-7  Charleston,  S.  C. 
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Figs.  10  and  11  (Charleston,  S.C.)  show  the  head  of  the  Cooper  River 
south  of  Lake  Moultrie  to  be  split  into  two  branches  (A  on  Fig.  11). 

This  area  initially  presented  a complex  interpretation  problem  since 
it  appeared  that  the  natural  water  levels  were  being  affected  by  events 
other  than  tidal.  Examination  of  the  8/19/72  Imagery  when  “predicted** 
tide  height  was  relatively  low  (as  calculated  from  tide  tables)  showed 
that  the  riverine  drainage  channel  could  be  delineated  as  it  appears 
in  the  wetland  map.  However,  imagery  on  10/12/72  and  3/23/73  and  color 
IR  photography  on  9/22/72  at  differing  **predicted**  tide  heights  from 
high  to  low  show  the  marsh  adjacent  to  the  channel  to  be  flooded  with 
only  the  vegetation  along  the  original  channel  levees  showing  a strong 
vegetative  signature.  A field  check  on  5/19/73  showed  standing  water 
in  many  of  the  areas  shown  in  the  map  as  marsh. 

A search  of  the  literature  revealed  that  prior  to  construction  of  the 
Santee-Cooper  project  of  the  South  Carolina  Public  Service  Authority 
in  1942,  the  annual  freshwater  inflow  to  the  Charleston  Harbor  Estuary 
from  the  Cooper  River  was  72  cubic  feet /second  (3).  The  annual  inflow 
is  now  15,000  cubic  feet/second,  which  accounts  for  flooding  of  areas 
that  were  previously  marsh.  As  a result  of  this  project,  sedimentation 
in  the  navigation  channel  has  increased  from  about  180,000  to  10,000,000 
cubic  yards  per  year,  solid  and  domestic  wastes  are  trapped  in  the 
estuary,  and  the  salinity  regime  has  been  drastically  altered.  A 
proposed  Corps  of  Engineers  project  (4)  will  redirect  some  of  the  water 
thus  altering  the  estuarine  environment  again. 

2.  Dredge,  fill  and  drainage  activities:  Since  wetlands  are  low  lying 

frequently  or  permanently  flooded  lands,  they  must  be  altered  to  make 
them  habitable  for  man.  Dredging  of  spoil  from  a portion  of  the 
wetland  or  from  river  channels  and  depositing  on  another  portion  to 
elevate  for  more  suitable  building  sites  is  a common  practice  along 
the  eastern  coastline.  The  practice  of  ditching  for  wetland  drainage 
has  also  been  extensively  used  to  control  mosquito  populations.  These 
activities  permanently  alter  wetlands  to  drylands  and  there  is  a 

need  to  routinely  monitor  them.  Analysis  of  ERTS  data  shows  an 
excellent  capability  for  monitoring  dredge,  fill  and  ditching  activities. 

Areas  of  spoil  disposal  are  illustrated  on  Fig.  3 and  also  Fig.  11. 

They  show  as  highly  reflective  zones  within  the  less  reflective, 
undisturbed  wetland. 

3.  Lagooning  for  waterside  homes:  This  problem  is  particularly  acute 

in  Maryland,  Delaware  and  New  Jersey.  Spoil  removed  for  lagoon 
production  is  placed  on  the  wetland  for  building  sites.  Fig.  12  is 

an  ERTS  image  of  a portion  of  the  New  Jersey  coast.  Lagooning  is 
easily  observed  as  well  as  other  dredge  and  fill  activities. 

4.  Highway  construction:  The  impact  of  this  activity  is  the 

impediment  of  water  flow  to  wetlands  above  the  location  of  bridges, 
etc.  Typical  highway  construction  across  wetlands  results  in  filling 
to  the  point  of  river  or  stream  crossing,  bridging,  and  then  filling 
to  the  opposite  shoreline.  The  restriction  of  water  flow  to  the 
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bridge  only  results  in  greater  flooding  of  the  wetlands  below  and  less 
flooding  above  the  bridge* 

Fig.  13  shows  construction  of  highway  I-'95  along  the  Georgia  coast. 
Wetland  filling  is  easily  observed.  Changes  in  species  comppsition 
above  and  below  wetland  crossings  may  be  monitered  with  ERTS. 

d.  Mapping  of  shallow  waters. 

High  turbidity  in  the  test  sites  precluded  mapping  with  early  imagery. 
Insufficient  experimentation  with  more  recent  imagery  prevents  us  from 
attaining  this  objective. 


USER  IMPLICATIONS 

The  authors  feel  that  the  usefulness  of  ERTS  data  for  general  coastal 
wetland  mapping  has  been  demonstrated.  There  is  now  a need  to  apply 
these  techniques  in  on-going  programs  at  the  state  level.  Preliminary 
discussions  are  underway  with  the  states  of  South  Carolina  and  Georgia. 

A cooperative  effort  between  The  American  University  and  the  U.S. 
Geological  Survey  in  the  Dismal  Swamp  of  North  Carolina  illustrates 
a user  oriented  approach  to  our  wetland  research. 

ERTS  imagery  and  high  altitude  color  IR  underf light  photography  have 
been  used  in  a comprehensive  study  of  the  Great  Dismal  Swamp  and 
Dismal  Swamp  Canal.  The  purpose  of  this  congressionally  authorized 
(1972)  study  is  to  assess  the  feasibility  and  desirability  of  preserving 
and  protecting  the  swamp  and  canal.  Atlernative  uses  for  the  land  and 
water  resources  comprising  the  swamp  are  also  to  be  evaluated.  Eight 
government  agencies  are  participating  in  this  study.  ERTS  imagery 
provides  a synoptic  view  of  the  entire  210,000  acres  of  viable  wetland 
included  in  the  study  area.  The  Feb.  13  image  clearly  defines  surface 
water  input  and  outflow.  Autographic  Theme  Extraction  (EROS-ATES) 
has  been  used  to  separate  areas  of  standing  water  and  dryer  areas  of 
the  swamp.  Color  IR  photography  has  been  used  for  study  site  delineation 
ground  truth  site  selection  for  vegetative  study,  hydrologic  data 
acquisition,  and  vegetation  mapping. 

ERTS  data  have  great  potential  for  monitoring  results  of  water  level 
manipulation  in  the  Dismal  Swamp.  About  49,000  acres  of  the  swamp 
presently  comprise  the  Dismal  Swamp  Wildlife  Refuge  and  it  is  hoped 
that  additional  acreage  may  be  acquired.  Managment  of  the  refuge 
will  include  some  regulation  and  management  of  the  hydrologic  regime. 

The  effects  of  this  management  should  be  easily  monitored  by  repetitive 
imagery  which  can  detect  vegetative  stress  and  standing  water. 
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INVENTORIES  OF  DELAWARE'S  COASTAL  VEGETATION  AND 
LAND-USE  UTILIZING  DIGITAL  PROCESSING  OF  ERTS-1 
IMAGERY 

V.  Klemas,  D.  Bartlett  (College  of  Marine  Studies),  R.  Rogers  and  L.  Reed 
(Bendix  Aerospace  Systems  Division) 


ABSTRACT 

Digital  analysis  of  ERTS-1  imagery  was  used  in  an  attempt 
to  map  and  inventory  the  significant  ecological  communities 
of  Delaware's  coastal  zone.  Eight  vegetation  and  land  use 
discrimination  classes  were  selected  as  follows: 

1.  Phragmites  communis  (Giant  Reed  grass) 

2.  Spartina  alterniflora  (Salt  marsh  cord  grass) 

3.  Spartina  patens  (Salt  marsh  hay) 

4.  Shallow  water  and  exposed  mud 

5 . Deep  water  (>  2 meters) 

6 . Forest 

7 . Agriculture 

8.  Exposed  sand  and  concrete 

Canonical  analysis  showed  that  classification  accuracy 
was  quite  good  with  Spartina  alterniflora^  exposed  sand  - 
concrete,  and  forested  land  - all  discriminated  with 
between  94%  and  100%  accuracy.  The  shallow  water-mud  and 
deep  water  categories  were  classified  with  accuracies  of 
88%  and  93%  respectively  with  all  errors  in  classification 
occurring  as  one  water  category  being  classed  as  the  other, 
a condition  which  is  neither  surprising  nor  bothersome  with 
the  overlap  which  these  two  classes  exhibit  no' matter 
what  the  measurement  technique  used.  Phragmites  communis 
showed  a classification  accuracy  of  83%  with  all  confusion 
occurring  with  Spartina  patens  which  may  be  due  to  use  of 
mixed  stands  of  these  species  as  training  sets.  Dis- 
crimination of  Spartina  patens  was  very  poor  (accuracy  - 
52%)  due  to  difficulties  in  locating  large,  pure  stands 
of  S.  patens  for  use  as  training  sets.  Classification 
accuracy  for  agriculture  was  also  very  poor  (51%). 
Limitations  of  time  and  available  class-memory  space 
resulted  in  limiting  the  analysis  of  agriculture  to  very 
gross  identification  of  a class  which  actually  consists  of 
many  varied  signature  classes.  If  crop  inventory  had  been 
the  primary  objective  of  the  study,  substantially  better 
results  could  have  been  achieved  in  discriminating  agricul- 
tural land  categories. 
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Abundant  ground  truth  was  available  in  the  form  of  vegetation 
maps  compiled  frcm  NASA-RB-57  color  and  color  infrared 
photographs.  Blow-ups  of  portions  of  the  thematic  maps 
digitally  derived  ftom  EKTS  data  sho«^  very  good  correlation 
with  known  sites.  Cal-comp  plots  of  thematic  data  at 
scales  up  to  1:24,000  showed  good  cartographic  precision 
when  overlayed  onto  existing  maps . It  is  believed  that 
with  further  refinement  of  training  set  selection,  suffic- 
iently accurate  results  can  be  obtained  for  all  categories 
producing  a useful  planning  and  management  tool. 


INTRODUCTION 

Work  carried  out  over  the  past  two  years  at  the  University  of  Delaware 
indicated  that  the  coastal  zone  of  Delaware  and,  in  particular,  its 
extensive  tidal  wetlands  offer  a unique  opportunity  to  evaluate 
ERTS-1  sensing  capabilities  and  the  feasability  of  using  digital  pro- 
cessing techniques  to  map  and  inventory  coastal  vegetation  and  land- 
use,  Major  vegetation  species  found  in  the  tidal.wetlands  have  been 
shown  to  be  easily  distinguishable  at  ERTS  scale.  Furthermore, 
human  alterations  of  the  coastal  zone  were  easily  recognized  since 
such  alterations  typically  involve  removal^of  vegetative  cover  re- 
sulting in  a change  of  spectral  signature.  The  superior  spectral 
resolution  of  the  CCTs  as  compared  with  a single  band  or  composite 
imagery  has  indeed  provided  good  discrimination  through  digital  analy- 
sis of  the  CCT^  with  the  added  advantage  of  rapid  production  of  th^atic 
maps  and  data. 

Digital  Techniques 

Computer  software,  techniques  and  procedures  used  to  transform  ERTS 
CCTVs  into  the  land  use  maps  and  data  described  here  were  developed 
in  the  Bendix  Earth  Resources  Center.  The  nucleus  of  this  center  is  a 
Digital  Equipment  Corporation  PDP-11/15  computer  with  32K  words  of  core 
memory,  two  1.5M-word  disk  packs,  two  9- track  800  bpi  tapes  transports, 
a line  printer,  a card  reader  and  a teletype  unit. 

Transforming  ERTS  CCT*s  into  thematic  data  is  a four  step  process, 
performed  as  follows: 

1.  Locate  Training  Areas  - In  defining  the  location  of  training 
areas,  the  CCT  containing  the  areas  of  interest  is  screened  on  the 
color-coded  TV  monitor.  The  signal  range  of  interest  within  the  band 
chosen  as  having  the  best  target-background  contrast  is  displayed  in 
16  color  slices.  When  the  test  site  of  interest  appears  on  the  moni- 
tor, the  CCT  is  stopped  and  the  scene  is  mapped  out  by  the  line  printer. 
Then,  utilizing  available  ground  truth,  the  training  areas  are  identi- 
fied on  the  grey  scale  printout  and  their  locations  recorded.  (See 
Figure  1)  The  locations  of  the  training  areas  are  then  conveyed  to 
the  computer  by  the  investigator,  using  the  resolution  element  number 
and  scan-line  number  of  the  upper- left  and  lower- right  comer  of 
each  training  area. 
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computer  decisions  on  areas  where  ground  truth  is  avialable,  the 
investigator  can  rapidly  determine  the  effectiveness  of  the  decision 
processing. 

4.  Produce  Decision  Data  Products  ~ The  decision  analysis  may 
be  presented  in  a number  of  ways,  including: 

a)  The  area  covered  by  each  category  in  terms  of  percent 
of  total  area  processed,  acres  and  square  kilometers. 

(See  Table  3). 

b)  Color-coded  decision  imagery  showing  any  or  all  of  the 
categories  at  any  convenient  scale. 

c)  Cal-comp  or  Gerber  plots  of  any  category,  geometrically 
corrected  and  plotted  at  a map  scale  specified  by  the 
investigator.  (See  Figure  3). 

RESULTS 

The  primary  objective  of  the  analysis  was  to  map  and  inventory  the 
significant  ecological  communities  of  Delaware *s  coastal  zone.  To 
this  end,  eight  vegetation  and  land  use  discrimination  classes  were 
selected  as  follows: 

1.  Phramites  canmunis  (Giant  Reed  grass) 

2.  Spartina  altemi flora  (Salt  marsh  and  grass) 

3 . S par t ina  patens  ( S alt  marsh  hay) 

4.  Shallow  water  and  exposed  mud 

5.  Deep  water  ( 2 meters) 

6.  Forest 

7 . Agriculture 

8.  Exposed  sand  and  concrete 

Canonical  analysis  showed  that  classification  accuracy  was  quite  good 
with  Spartina  altemiflora,  exposed  sand  - concrete,  and  forested 
land  - all  discriminated  with  between  94%  and  100%  accuracy.  (See 
Table  2).  The  shallow  water-mud  and  deep  water  categories  were  class- 
ified with  accuracies  of  887o  and  93%  respectively  with  all  errors  in 
classification  occurring  as  one  water  category  being  classed  as  the 
other,  a condition  which  is  neither  surprising  nor  botherscme  with 
the  broad  transitions  one  often  finds  between  two  categories  so  poorly 
delineated.  (See  Table  2).  Phragmites  communis  showed  a classification 
accuracy  of  83%  with  all  confusion  occurring  with  Spartina  patens  which 
may  be  due  to  use  of  mixed  stands  of  these  species  as  training  sets. 

(See  Table  2).  Both  species  occupy  similar  environments  within  the 
coastal  zone.  Analogue  multispectral  analysis  done  previously  in- 
dicates that  these  species  will  be  separable  after  refinement  of 
training  sets^  Discrimination  of  Spartina  patens  was  very  poor  (accur- 
acy = 52%)  due,  almost  certainly,  to  difficulties  in  locating  large, 
pure  stands  of  S . patens  for  use  as  training  sets.  (See  Table  2). 
Classification  accuracy  for  agriculture  was  also  very  poor  (51%). 

(See  Table  2).  Limitations  of  time  and  available  class-memory  space 
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2.  Develop  Target  Characteristics  - Inputting  the  training  area 
coordinates  (boundaries)  to  the  computer  permits  the  ERTS  spectral 
measurements  within  these  boundaries  to  be  extracted  (edited)  fvoai 
the  CCTs  and  placed  into  canputer  disk  files.  One  file  is  established 
for  each  different  land  use  or  vegetation  category.  The  data  iti  each 
file  is  then  processed  to  obtain  a numerical  descriptor  to  repfdsent 
the  spectral  characteristic^  of  each  category  of  interest.  The 
descriptors  presently  include  the  mean  signal  and  standard  deviation 
for  each  band  and  the  eovariance  matrix  taken  about  the  origin,  which 
includes  the  four  MSS  bands.  (See  Table  2). 

3.  Evaluate  Target  Characteristics  and  Classification  Techniques  ^ 
Once  the  numerical  descripticns  lAhich  define  the  spectral  characteris- 
tics of  each  land  use  category  of  interest  are  determined,  the  operator 
executes  the  ^’canonical  analysis*’  program.  This  program  derives,  for 
each  land  use  category  being  sought,  a set  of  "canonical  coefficients**. 
In  the  decision  processing  phase  discussed  later,  these  coefficients 
are  used  by  the  computer  to  form  a linear  combination  of  the  ERTS 
measurements  to  produce  a "canonical  variable"  whose  amplitude  is 
associated  with  the  probability  of  an  ERTS  measusrement  being  from  the 
target  sought.  A set  of  canonical  coefficients  are  derived  for  each 
category  of  interest.  (See  Table  1), 

Before  producing  decision  data  on  a complete  ERTS  CCT,  a ntimber  of 
tests  are  applied  to  evaluate  the  computer’s  capability  of  performing 
the  desired  land  use  classification.  One  test  is  to  play  back  the 
data  from  the  training  edits,  which  were  previously  placed  on  the 
computer  disk  file,  and  to  compute  and  display  the  canonical  variables 
in  the  form  of  "scatter  diagrams".  (See  Figures  2a  and  2b)*  A pair 
of  scatter  diagrams,  are  generated  for  each  set  of  canonical  coeffi- 
cients, i.e.,  for  each  vegetation  category.  The  set  of  canonical 
coefficients  which  define  a vegetation  category  are  used  to  produce 
a canonical  space  plot.  The  same  coefficients  map  the  background  (i.e., 
other  land  use  categories)  into  the  same  canonical  space.  These  plots 
aid  the  investigator  in  determining  the  degree  of  separability  being 
obtained  between  the  target  and  background  categories. 

Another  test  of  the  canonical  coefficients  is  to  proceed  to  use  them 
in  the  decision  processing  but  to  limit  the  data  processed  to  that 
which  is  well  known,  i.e.,  the  training  data  which  was  previously 
edited  and  stored  on  the  disk  file.  Processing  this  data  and  keeping 
an  accurate  record  of  decisions  permits  a classification  accuracy 
table  to  be  developed  which  provides  the  investigator  with  a quanti- 
tative measure  of  the  classification  accuracy  achieyed  by  the  canonical 
coefficients  in  the  decision  processing.  (See  Table  2).  The  percen- 
tage of  each  target  grojup  which  would  be  classified  as*  another  target 
group  is  shown  thus  identifying  the  areas  where  signature  overlap  may 
introduce  errors  into  the  decision  processing. 

A final  test  of  the  canonical  coefficient  is  to  play  back  the  ERTS 
CCT  and  to  assign  a color  code  to  the  computer  decisions  which  are 
displayed  to  the  investigator  on  the  TV  monitor.  By  viewing  the 
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resulted  in  limiting  the  analysis  of  agriculture  to  very  gross  identi- 
fication of  a class  which,  in  Delaware,  actually  consists  of  many, 
varied  signature  classes.  There  is  no  doubt  in  the  investigators’ 
minds  that  if  crop  inventory  had  been  the  primary  objective  of  the 
study,  substantially  better  results  could  have  been  achieved  in  dis- 
criminating agricultural  land  categories. 

Abundant  ground  truth  was  available  in  the  form  of  vegetation  maps 
compiled  from  NASA-RB-57  photography  and  in  the  photos  themselves  - 
both  color  and  color-IR.  Blow  ups  of  portions  of  the  thematic  maps 
digitally  derived  from  ERTS  data  showed  very  good  correlation  with 
known  sites.  Cal-comp  plots  of  thematic  data  at  scales  up  to  1:24,000 
showed  excellent  cartographic  precision  when  qverlayed  onto  existing 
maps , (See  Figure  3) . 

It  is  believed  that  with  further  refinement  of  training  set  selection, 
sufficiently  accurate  results  can  be  obtained  for  all  categories, 
producing  a useful  planning  and  management  tool. 


1252 


- 7”  - - - • • 

ERTs~  P E 6 R 3 1 - A u G » 7 3 PSZSl  J58  ~ ~ ” ”77  IZ 

ERT^setNE"  ID  -"U479-15135 

PATt  OF~SCENE  .'iaOCT7g  _ _ _7_7  __7 

CE'nJER_OF  scene  - N3fi-53/WD75-2J, 

SUN  rnORDlNATES  «•  FL39  PFl’PtES_ 7 

AZ1«9  DEGREES  _ 

S^'cECRA.FT7  HE  AO  I NG_r  _l  ? 1 _DE.GKEE.S_„_._ 

SIARTiZg.SCAN  UINE-Js.  

ENDING  SCAN  LI NE__» 15m.-  . — 

category"'  17-"  percent  ~acres  . ZTsq.-Km”.' 

. OF  TOTAL, 


unclassified 

....7,27  , 

: 95166.81  . - 

446,08. 

PHRAGMITES 

1 1.88  . 

..  152.705.42 

715.78 

AGRICULTURE 

20.30 

.265884,31 

1246.26 

INDUSTRIAL 

1.16  __ 

1516.5,12 

. -71.08 

PATENS 

25,16 

329502, 78_ 

15^4. as 

MUD  LADEN  water 

__3.39  _ 

44379,63 

208.02 

WATER 

12. «3 

162775,97 

762.98 

ALTERA  FLORA 

5,94,60.66  . 

..278,71. 

TREES 

14,10 

..  184713,00  • 

865.81 

. _ 

” TOTALS 

im.m 

1309753,75 

6139.21 

■'PROGRAM'  RUN  TIME'"*  01 

158:33 

- 

7_ 

- 

- - - 

TABLE  3 


1253 


REFERENCES 


1.  Klemas,  V.,  Daiber,  F.»  Bartlett,  P.,  Crichton,  0.,  Fomes,  A., 
Application  of  Autcanated  Multispectral  Analysis  to  Delaware’s 
Coastal  Vegetation  Happing,  American  Society  of  Fhotogranmetry 
Annual  Meeting,  Washington,  D,  C.,  March  11-16,  1972. 

2.  Reimold,  R.  J.,  Gallagher,  J.  L.,  and  Thompson,  D.  E.,  — ’’Remote 

Sensing  of  Tidal  Marsh”  in  Phot ogramme trie  Engineering^  Am.  Soc. 
of  Fhotogrammetry,  1973. 

3.  Wobber,  F.  T.,  and  Anderson,  R.  R.  — ’’Operational  Wetlands  Mapping 
Using  Multiband  Aerial  Photography”  in  Coastal  Mapping  Symposium^ 
Am.  Soc.  of  Fhotogrammetry,  1972. 

4.  Klemas,  V.,  Bartlett,  D.,  Daiber,  F. , Mapping  Delaware’s  Coastal 
Vegetation  and  Land  Use  from  Aircraft  and  Satellites,  A.S.P,, 
Sympositim  on  Remote  Sensing  in  Oceanqgraphy,  Orlando,  Fla., 

October  2-5,  1973. 

5.  Rogers,  R.  H.  and  Reed.  L.  E.,  (1973),  "Automated  Land  Use  Mapping 
from  Spacecraft  Data”  - Bendix  Special  Report  #4097. 


1265 


Paper W 17 


EVALUATION  OF  REMOTE  SENSING  AND  AUTOMATIC  DATA  TECHNIQUES 
FOR  CHARACTERIZATION  OF  WETLANDS 

Robert  H.  Cartmill,  (NASA)  Johnson  Space  Center,  Earth  Resources  Laboratory,  Mississippi  Test  Faciiity, 
Bay  St  Louis,  Mississippi 


ABSTRACT 


This  evaluation  has  been  conducted  in  the  Atchafalaya  River 
basin  of  South  Central  Louisiana.  This  is  a humid  area  of 
heavily  forested  swamps  with  a large  volume  of  flow  mostly 
from  a diversion  of  the  lower  Mississippi  River. 

Techniques  to  obtain  enlarged  imagery  from  computer  compatible 
tapes  of  ERTS  data  without  photographic  enlargermet  is  explained 
and  illustrated.  Techniques  of  extraction  of  environmental 
information  from  single  bands  and  multiband  pattern  recogni- 
tion procedures  is  explained  and  evaluated.  A comparison  of 
pattern  recognition  classifications  of  the  Atchafalaya  Basin 
by  aircraft  multi  spectral  scanner  and  ERTS  MSS  data  is  made. 

Data  for  this  comparison  were  gathered  within  three  weeks  of 
each  other  in  the  winter  of  1973.  Scorecards  of  the  accuracy 
of  the  classifications  are  presented. 

Recommendations  are  made  concerning  the  utilization  of  each 
sensor  platform  to  perform  specific  tasks  of  wetlands 
characterization. 


INTRODUCTION 

The  study  area  is  the  lower  portion  of  the  Atchafalaya  River  basin  indi- 
cated by  the  blocked  area  of  ERTS  frame  1070-16073  of  October  1,  1972, 
shown  in  Figure  1.  The  basin  is  located  about  sixty  miles  west  of 
New  Orleans  in  south-central  Louisiana.  This  basin  has  been  leveed  on 
either  side  by  the  U.S.  Army  Corps  of  Engineers.  They  have  also  con- 
structed two  diversions  from  the  Mississippi  River  into  the  basin.  As 
a result  approximately  one-third  of  the  flow  of  the  Mississippi  River  with 
its  attendant  sediment  load  passes  down  the  Atchafalaya.  The  impact  of 
this  large  flow  of  water  through  a small  coastal  river  system  has  been 
large.  The  most  obvious  result  has  been  the  deposition  of  a sediment  in  the 
basin  creating  new  land  at  the  rate  of  about  three  square  miles  per  year. 

The  climate  of  the  region  is  humid  with  rainfall  averaging  about  64  inches 
per  year.  During  the  sumner  the  climate  is  typical  of  the  humid  tropics 
with  early  morning  buildup  of  cumulus  clouds  and  afternoon  thunderstorms. 
Killing  frosts  do  occur  but  only  very  late  in  the  year.  Cloud  cover  sta- 
tistics prepared  by  Brown  (1970)  yield  an  expected  value  of  cloud  free  ERTS 
passes  in  one  year  of  4.19.  During  the  first  year  of  this  study  we  obtained 
three  cloud  free  passes. 
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The  area  is  almost  uninhabited  but  possesses  numerous  oil  fields.  It  is 
also  the  largest  producing  region  of  crawfish  in  the  country  supplying 
large  portions  of  the  Louisiana  market  for  this  delicacy.  Figures  2,  3, 
and  4 show  typical  scenes  of  the  area.  The  lighter  colored  trees  in 
Figure  4 are  water  tupelos  which  have  lost  their  leaves  at  the  time  the 
picture  was  taken  (October). 

The  objectives  of  the  study  are  shown  in  Table  1. 

RESULTS 


Our  first  step  in  the  data  processing  is  to  manufacture  a simulated 
color  IR  picture  on  a nine-inch  film  strip  from  the  computer  compatible 
tapes  as  shown  in  Figure  5.  This  is  done  by  selecting  three  bands  (1,  2 
and  4)  of  the  four  ERTS  bands  and  assigning  each  of  them  a color  (blue, 
green,  and  red).  The  three  bands  become  channels  of  data  that  are  pro- 
jected onto  the  image  plane  of  a film  recorder  which  generates,  the 
composite  image.  By  repeating  elements  and  scan  lines  the  picture  can  be 
made  to  any  convenient  scale.  Figure  6 shows  an  enlargement  of  a picture 
of  a portion  of  the  basin.  These  enlargements  can  be  then  contact  printed 
^^d  mosaiced  to  produce  large  scale  pictures  of  the  area.  These  pictures 
can  be  used  for  standard  photo  interpretation  and  are  used  to  locate  train- 
|>fng  samples  for  the  pattern  recognition  programs. 


The  second  step  in  the  data  processing  is  to  produce  thematic  maps  or  ele- 
mentary classifications  of  the  area  by  use  of  very  simple  conputer  programs. 
Ci^^igure  7 shows  a density  map  produced  from  band  3 of  ERTS  frame  1070-16073. 
^ere  a certain  count  range  was  given  a different  color— 0-15  counts,  dark 
2'*blue;  16-25  counts,  yellow,  etc.  Notice  that  by  this  method  the  clear  lake 
P*water  can  be  readily  separated  from  the  sediment-laden  river  water.  How- 
ever, use  of  one  channel  blurs  the  discrimination  of  the  agricultural 
■^reas  and  is  .insufficient  for  forest  species  identification.  Figure  8 
*»*’ihows  a thematic  map  (open  water)  of  the  basin  produced  by  using  digital 
data  from  bands  1 and  4 of  ERTS  frame  1286-16083.  We  believe  that  this 


technique  developed  by  the  Johnson  Space  Center  at  Houston  removes  most 
of  the  ambiguities  in  identifying  water.  A simple  two-dimensional  decision 
rule  is  used  to  divide  the  space  into  two  domains— water  and  other.  These 
techniques  have  been  shown  to  be  adequate  to  detect  and  monitor  the  accre- 
tion of  new  land  in  the  basin. 


The  third  and  final  data  processing  effort  is  to  use  a modified  version  of 
the  Purdue  pattern  recognition  programs  to  produce  surface  classification 
maps  of  the  study  area.  One  of  the  objectives  of  the  study  is  to  compare 
ERTS  data  with  lower  altitude  aircraft  MSS  data.  We  are  also  endeavoring 
to  determine  the  limits  of  the  different  number  of  classes  which  can  be 
discriminated  by  each  sensor  platform. 

The  aircraft  has  one  great  advantage  in  this  humid  area  o^«r  the  ERTS  plat- 
form in  that  it  can  be  dispatched  to  gather  data  when  weather  conditions 
are  suitable  In  addition,  the  aircraft  scanner  at  the  altitude  flown  6100 
niters  (20,000  feet)  has  a resolution  of  12  meters  vs.  the  ERTS  resolution 
of  79  meters. 


1258 


Figures  9 and  10  show  the  results  of  the  aircraft  classifications.  These 
figures  illustrate  one  of  the  principal  disadvantages  of  wide  angle  (80“) 
aircraft  scanners.  Notice  the  island  shown  in  Figure  9 which  is  classi- 
fied as  tupelo  trees . Fi gure  10  shows  the  same  island  as  seen  on  the 
adjacent  flight  line.  Now  it  has  been  classified  as  cypress  trees.  The 
reason  is  that  the  MSS  spectral  signatures  of  the  two  species  are  nearly 
identical  despite  the  fact  that  the  photograph  shown  in  Figure  4 shows  a 
marked  contrast.  In  Figure  9 the  scanner  was  viewing  the  sunlit  side  of 
the  trees  and  in  Figure  10  it  was  viewing  the  shady  side.  This  difference 
in  illumination  was  sufficient  to  change  the  classification  between  the 
two  flight  lines.  This  problem  has  been  discussed  in  detail  in  a paper 
by  Cartmi 1 1 and  Boudreau  (1973) . This  di f fi cul ty  has  not  been  encountered 
in  the  small  angle  ERTS  data. 

Fortunately  this  did  not  present  overwhelming  di ffi cul ties  as  the  U.S . 

Forest  Servi ce  groups  these  two  water-loving  species  together  for  purposes 
of  inventory.  Figures  11  and  12  show  a comparison  between  the  aircraft 
and  ERTS  classifications  of  the  same  portion  of  the  basin.  The  ai rcraft 
data  was  gathered  on  January  15,  1973,  and  the  ERTS  data  on  February  4,  1973. 
The  cl  asses  and  color  coding  are  the  same  and  the  di ffi cul t cypress  and 
tupelo  trees  have  been  grouped  together.  The  same  training  samples  were 
used  for  both  cl assifi cations.  There  are  obviously  some  areas  of  disagree- 
ment between  the  two  cl assifi cati ons , but  the  general  features  agree  well 
with  one  another.  The  two  figures  also  illustrate  the  effects  of  element 
resolution  size  on  the  detail  of  cl  assifi cation. 

Tables  II  and  III  represent  the  training  fi eld  cl assifi cation  scorecards 
of  each  data  set.  These  cl assifi cation  percentages  probably  represent  the 
upper  limit  of  cl assifi cation  accuracy  we  can  achieve  using  our  present 
techniques  at  this  time  of  year  with  dormant  vegetation  and  low  sun  angle. 
Most  of  the  classification  errors  occurred  between  di fferent  classes  of 
the  same  general  materi als.  One  species  of  tree  being  cl assed  as  a 
di fferent  species,  for  example.  Combining  the  different  classes  into 
broader  groupings  will  yield  accuracies  approaching  ninety  percent. 

POSSIBLE  USES 

The  Earth  Resources  Laboratory  has  made  numerous  contacts  with  state  and 
federal  agencies  who  have  management  responsibilities  in  the  basin.  At 
present  these  agencies  have  not  had  sufficient  time  to  eval uate  the  full 
potenti al  uses  of  these  space-derived  products.  Table  IV  shows  a list  of 
some  of  the  more  promising  uses  for  these  products. 

CONCLUSIONS  AND  RECOMMENDATIONS 

Table  V presents  the  tentative  conclusions  and  recoiranendations  derived 
from  the  analysis  of  the  data  to  the  present  time. 
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TABLE  I OBJECTIVES 


GENERAL  OBJECTIVES 

A.  DETERMINE  THE  USEFULNESS  OF  VARIOUS  SENSORS  AND  THEIR 
ASSOCIATED  PLATFORMS  TO  CHARACTERIZE  WETLANDS. 

B.  DEVELOP  AUTOMATED  TECHNIQUES  TO  PROCESS  THE  LARGE  VOLUMES 

OF  DATA  GATHERED  BY  THE  SENSORS  WITH  EMPHASIS  ON  MSS  COMPUTER 
COMPATIBLE  TAPES. 

SPECIFIC  OBJECTIVES 

A.  MONITORING  OF  ACCRETION  AND  EROSION. 

B.  DETERMINATION  OF  SALT  WATER  INTRUSION  IN  MARSH  AREAS  BY 
PLANT  SPECIES  IDENTIFICATION. 

C.  LOCATING  AND  IDENTIFYING  AQUATIC  PLANTS. 

D.  DETERMINATION  OF  CERTAIN  WATER  CHARACTERISTICS. 

E.  FOREST  AND  OTHER  PLANT  SPECIES  IDENTIFICATION. 


TABLE  II  CLASSIFICATION  SCORECARD 
OF  THE  AIRCRAFT  MSS  TRAINING  SAMPLES 


Class 

Percent 

Correctly 

Classified 

Percent 

Misclassified 

Percent 

Unclassified 

Ri  ver 

68 

25 

7 

Lake 

83 

6 

11 

Cypress-Tupelo 

67 

16 

17 

Mixed  Forest 

72 

16 

12 

Willow 

66 

26 

8 

Scrub  Forest 

— 

— 

— 

Water  Hyacinth 

90 

1 

9 

Bare  Fields 

83 

14 

3 

Marsh 

61 

24 

15 

Overall  percentage  correctly  classified  - 6628  correct  « mn  _ -7o  o«/ 

9104  total  ^ 
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TABLE  III  CLASSIFICATION  SCORECARD 
OF  THE  ERTS  TRAINING  SAMPLES 


Cl  ass 

Percent 

Correctly 

Classified 

Percent 

Misclassified 

Percent 
Unci assi fi ed 

River 

69 

30 

1 

Lake 

71 

24 

5 

Cypress -tupelo 

94 

0 

6 

Mixed  forest 

52 

28 

20 

Millow 

73 

2 

25 

Scrub  forest 

88 

12 

0 

Water  hyacinth 

96 

4 

0 

Bare  fields 

100 

0 

0 

Marsh 

89 

11 

0 

Overall  percentage  correctly  classied  - 670_ correct  _ 

865  total  points  ^ 


TABLE  IV 

Potential  Uses  of  ERTS  Products  for 
Wetlands  Management 


User 

ERTS  Product 

Potential  Use 

Atchafalaya  Basin  Div* 

La.  Dept,  of  Public  Works 

1 . Large  scale  ERTS 
simulated  color  IR  maps. 

2.  Thematic  map  (water) 
from  ERTS  CCT's. 

1 1.  Location  of  dry  campsites 

^ for  recreation  development 

i 2,  Location  of  the  boundaries 

I of  wildlife  refuge. 

Forest  Resources  Survey 
Southern  Forest  Experi- 
ment  Station 
Forest  Service  U.S. 
Dept,  of  Agriculture 

Classification  of  ERTS 
CCT  data. 

Tally  of  total  forested  area 
. in  each  county  for  inventory 
estimates  between  10  yr. 
formal  inventories 

La.  Forest  Commission 

Classification  of  ERTS 
CCT  data 

Forest  mapping  of  the  state. 

Lower  Ms.  River  Fore- 
cast Center,  National 
Weather  Svc.,  NOAA, 
U.S.  Dept,  of  Commerce 

1,  Thematic  map  (water) 

2.  Large  scale  ERTS 
simulated  color  IR  maps. 

1 Definition  of  stage-*flow  rating 

^ curves  and  volume  of  overbank 

1 storage 

New  Orleans  District, 
U.S.  Army  Corps  of 
Engineers 

1 . Large  scale  ERTS 
simulated  color  IR  maps. 

1-  Definition  of  the  flow  regime 
in  complex  channel  systems. 

2.  Determination  of  areas  of 
likely  sediment  deposition. 

3.  Penetration  of  River  outflow 
into  marsh  areas 

2,  Thematic  map  (water) 

Determination  of  limits  of 
innundation  for  flood  damage 
calculations 

3.  Classification  of 
ERTS  CCT  data. 

Issuance  of  permits  to  alter 
navigable  channels. 
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TABLE  V TENTATIVE  CONCLUSIONS  AND  RECOMMENDATIONS 
CONCLUSIONS 

A.  ERTS  MSS  DATA  CAN  PROVIDE  MONITORING  OF  ACCRETION  PROCESSES  IN 
SWAMP  AREAS. 

B.  AIRCRAFT  COLOR  IR  PHOTOGRAPHY  HAS  SUPERIOR  ACCURACY  TO  AIRCRAFT 
MSS  DATA  WHICH  IN  TURN  IS  BETTER  THAN  ERTS  MSS  DATA  IN  LOCATING 
AQUATIC  PLANTS  BECAUSE  OF  THE  BEHER  RESOLUTION. 

C.  ERTS  MSS  DATA  CAN  DIFFERENTIATE  BETWEEN  SEDIMENT  LADEN  RIVERS 
AND  CLEAR  LAKES  USING  SIMPLE  ONE  CHANNEL  DENSITY  SLICES. 

D.  ACCURATE  FOREST  SPECIES  IDENTIFICATION  IN  SWAMP  AREAS  WAS  NOT 
OBTAINED  BY  EITHER  ERTS  OR  AIRCRAFT  IN  THE  , FALL  AND  WINTER. 

THE  GREATER  RESOLUTION  OF  THE  AIRCRAFT  DATA  DID  NOT  IMPROVE  THE 
CLASSIFICATION.  FOREST  COULD  BE  ACCURATELY  MAPPED  FROM  OTHER 
VEGETATION* 

RECOMMENDATIONS 

A.  GREAT  CONSIDERATION  SHOULD  BE  GIVEN  TO  CLOUD  COVER  STATISTICS 
AND  SATELLITE  OVERFLIGHT  FREQUENCY  BEFORE  INTEGRATING  SATELLITE 
DATA  INTO  AN  ENVIRONMENTAL  MONITORING  SYSTEM.  THIS  WOULD 
INCLUDE  SUCH  ITEMS  AS  DETERMINING  THE  EFFECTS  OF  A VEGETATION 
ERADICATION  PROGRAM,  CALCULATION  OF  THE  PERCENT  OF  HARVEST,  THE 
LIMITS  OF  FLOOD  INUNDATION,  ETC. 

B.  SIMPLE  PROCESSING  PROCEDURES  OF  ERTS  MSS  DATA  CAN  YIELD  MUCH 
VALUABLE  INFORMATION  AND  ARE  WELL  WITHIN  THE  CAPABILITIES  OF 
MANY  USERS.  THIS  WOULD  INCLUDE  SINGLE  BAND  ANALYSIS  OR  TWO 
BAND  DECISION  RULES  USING  A STANDARD  COMPUTER  PRINTOUT. 

C.  VEGETATIONAL  ANALYSIS  SHOULD  BE  DONE  BY  USE  OF  ALL  AVAILABLE 
BANDS  WITH  PATTERN  RECOGNITION  TECHNIQUES. 
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Figure  1.  ERTS  Frame  1070-16073  Showing  the  Location  of  the  Atchafalaya 

Basin  Study  Area 
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Figure  3»  Ground  Level  Photograph  of  a Small  Lake  Govered  With  Duckweed  and  Water  Hyacinth 
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Figure 


Figure  5.  Computer  Derived  Simulated  Color  IR  Map  Made  from  the  Computer 
Compatible  Tapes  of  ERTS  Frame  1070-16073,  October  1,  1972 
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Figure  7.  Computer  Density  Map  Derived  from  Band  3 Digital  IMa  (CCT's) 
of  ERTS  Frame  1070-16073,  October  1,  1972 
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F^re  8.  Themic  Map  (Water)  Derived  from  the  Digital  Data  (CCT's)  of  ERTS  Frame 
1070-16073  by  Use  of  a Two  Band  (1&4)  Deelsion  Curve 
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Figure  9,  Computer  Derived  Classification  Map  of  Aircraft  Multispectral  Scanner 

Data  Taken  on  January  15,  1973 
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Figure  12.  Computer  Derived  Classification  Map  of  ERTS  Frame  1196-16082 

February  4,  1973 
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Paper  M 1 

RELATIONSHIPS  BETWEEN  ERTS  RADIANCES  AND  GRADIENTS  ACROSS 
OCEANIC  FRONTS 

George  A.  Maul,  Atlantic  Oceanographic  and  Meteorological  Laboratories,  National  Oceanic  and 
Atmospheric  Administration,  Miami,  Fiorida,  Howard  R.  Gordon,  Department  of  Physics,  Opticai 
Physics  Laboratory,  and  Rosenstiei  Schooi  of  Marine  and  Atmospheric  Science,  University  of 
Miami,  Corai  Gabies,  Florida 


ABSTRACT 


A time  series  of  the  Loop  Current  in  the 
Gulf  of  Mexico,  covering  an  annual  cycle  of 
growth,  spreading,  and  decay,  has  been  ob- 
tained in  synchronization  with  ERTS.  Com- 
puter enhanced  images,  which  are  necessary 
to  extract  useful  oceanic  information,  show 
that  the  curren-t  can  be  observed  either  by 
color  or  sea  state  effects  associated  with 
the  cyclonic  boundary.  The  color  effect 
relates  to  the  spectral  variations  in  the 
optical  properties  of  the  water  and  its  sus- 
pended particles,  and  is  studied  by  radi- 
ative transfer  theory.  Significant  oceanic 
parameters  identified  are:  the  probability 

of  forward  scattering,  and  the  ratio  of 
scattering  to  total  attenuation.  Several 
spectra  of  upwelling  diffuse  light  are  com- 
puted as  a function  of  the  concentration  of 
particles  and  yellow  substance.  These 
calculations  compare  favorably  with  experi- 
mental measurements  and  show  that  the  ratio 
of  channels  method  gives  ambiguous  inter 
pretative  results . These  results  are  used 
to  discuss  features  in  images  where  surface 
measurements  were  obtained  and  are  extended 
to  tentative  explanation  in  others . 
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INTRODUCTION 


Remote  sensing  o£  the  ocean  in  the  visible  region  of  the 
spectrum  is  being  explored  for  a variety  of  reasons.  Maximum 
insolation  at  475  nm  provides  a natural  energy  source  for 
passive  sensors.  A minimum  in  the  attenuation  coefficient 
for  water  may  allow  a passive  measurement  of  some  oceanic 
properties  as  a function  of  depth.  Variations  in  the  spectra 
of  upwelling  light  at  these  wavelengths  can  be  attributed  to 
variations  in  pigment  forming  molecules  such  as  in  phyto- 
plankton and  to  variations  in  the  concentration  of  scattering 
particles  such  as  suspended  sediments . Strongly  baroclinic 
currents  in  the  subtropics  and  tropics  can  be  detected  by 
change  in  the  optical  properties  across  their  boundaries  when 
infrared  techniques  fail  due  to  isothermal  surface  conditions . 
Patterns  of  man' s activities  in  and  on  the  ocean  have  near 
surface  manifestations  which  change  the  nature  of  upwelling 
visible  radiance . 

The  social  significance  of  oceanic  observations  from  a 
vehicle  such  as  ERTS  has  recently  been  summarized  by  Maul 
(1974a) . Discussions  in  the  present  paper  are  limited  to  a 
&tudy  of  the  dominant  feature  of  the  Gulf  of  Mexico  circula- 
ti'on , that  portion  of  the  Gulf  Stream  System  called  the  Loop 
, (|ujrrent.  This  intense  current  transports  vast  amounts  of 
thermal  and  kinetic  energy  into  the  basin  through  the  Yucatan 
S^tfiaits.  Temporal  and  spatial  variability  in  the  flow  (figure  1) 
was  studied  as  part  of  the  ground  truth  time-series  which 
f.ojl lowed  the  anti-cyclonic  turning  from  Yucatan  to  the  Florida 
Straits.  Some  dynamical  results  were  reported  by  Maul  (1973a) 

SSS  will  not  be  discussed  here.  As  a purely  descriptive 
pqje anogr aphi c study  however,  these  data  have  significance  in 
hurricane  intensification  studies  such  as  by  Leipper  and 
l^genau  (1970)  ; the  investigation  of  the  Florida  east  coast 
red  tide  ^urphy,  et  al . , ^1973)  used  these  ship  tracks  and  a 
Supporting  ERTS  image  to  document  their  arguments ; the  en- 
vironmental impact  of  a recent  accidental  jettisoning  of 
cyanide  canisters  following  a ship  collision  in  the  Gulf  of 
Mexico  is  being  studied  using  these  data  (Corwin  and  Richardson, 
1974) . Continued  reconnaissance  of  this  current  pattern  is 
significant  in  our  understanding  of,  and  reaction  to,  the 
transport,  which  affects  fishing  industries,  marine  trans- 
portation, and  public  health. 


ERTS  OBSERVATIONS  OF  OCEANIC  FRONTS 

The  location  of  the  cyclonic  boundary  of  the  Loop  Current 
was  obtained  by  tracking  the  22 °C  isotherm  at  100  meters  depth 
using  expendable  bathythermographs . The  pathline  of  this 
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isotherm  is  of  the  order  of  20  kilometers  to  the  right 
(facing  downstream)  of  the  surface  frontal  zone  0a^sen  and 
Maul,  1970).  This,  coupled  with  ship  oBservations  of  chloro- 
phyll-a,  surface  temperature,  volume  seattering  function,  and 
sea  state,  provides  the  baseline  measurements  to  insure  that 
the  interpretations  to  follow  are  well  founded.  Figure  2 is  a 
temperature-depth  profile  across  the  current  along  a suborbital 
track  during  a satellite  transit;  surface  observations  are  at 
the  top  of  the  figure.  This  summarizes  the  general  conditions 
of  increasing  temperature  and  salinity  and  decreasing  chloro- 
phyll and  scattering  when  crossing  the  boundary  into  the 
current  and  serves  to  orient  them  to  the  indicator  isotherm. 
These  observations  confirm  (Maul  and  Hansen,  1972)  that 
changes  in  all  these  properties  occur  simultaneous ly^  allowing 
an  increase  in  confidence  when  a recognition  decision  is  made 
using  several  variables. 

Diffuse  reflectance  from  beneath  the  ocean,  which  is  de- 
fined as  the  ratio  of  upwelling  to  downwelling  irradiance, 
measured  just  above  the  surface,  is  rarely  more  than  0.05. 
Reflectance  from  the  ocean’s  surface,  which  is  independent 
of  diffuse  reflectance,  can  be  comparable  or  even  substantially 
larger  depending  on  sea  state,  and  this  has  been  shown  by  Maul 
(1973b)  to  be  a useful  indicator  of  the  current.  Reflectance 
from  clouds  and  agricultural  scenes  is  sometimes  an  order  of 
magnitude  greater  than  from  the  ocean,  even  in  the  500-600  nm 
wavelength  (A)  region.  In  order  for  the  NASA  Data  Processing 
Facility  (NDPF)  to  produce  an  image  for  an  average  scene 
radiance,  the  ocean  signal  is  compressed  into  the  lowest  few 
gray  scales.  This  is  clearly  illustrated  in  figure  3 which  is 
a scanline  plot  across  the  boundary  of  the  Loop  Current  from 
the  multispectral  scanner.  The  large  spikes  in  all  four 
channels  (MSS  4 upper)  are  clouds;  there  seems  at  first  glance 
to  be  very  little  change  in  digital  number  (DN) , which  is  pro- 
portional to  radiant  intensity,  as  a function  of  the  sample 
number.  However,  careful  examination  shows  that  the  average 
value  of  the  DN  at  samples  greater  than  number  950  is  slightly 
larger  than  those  before  this  point.  It  will  be  seen  that 
this  marks  the  transition  to  higher  radiances  caused  by  in- 
creased sea  state  in  the  current. 

In  order  to  graphically  display  this  small  change  over  a 
two-dimensional  region,  computer  enhancement  is  necessary. 
Contrast  stretching  for  the  ocean  scene  is  accomplished  by 
first  studying  the  frequency  distribution  of  DNs  in  a training 
area  on  the  image;  the  area  is  selected  to  be  representative 
of  the  ocean  away  from  land  and  is  large  enough  to  be  statisti- 
cally significant.  As  seen  from  figure  3,  such  a histogram 
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would  be  strongly  bimodal  due  to  clouds.  Selection  of  the  upper 
(DN^)  and  lower  CDN^)  cutoff  can  be  set  at  + 2 standard  deviations 
about  the  ocean  mode;  in  this  case  9<DN<13  was  used.  It  should 
be  noted  that  each  image  will  have  different  cutoff  values  and 
that  the  final  image  is  quite  sensitive  to  the  range  of  DN  chosen 
CCharnell  et  at.,  1973).  The  general  expression  for  computing 
the  stretch  variable  (C ) is : 


£ = M 


DNu-DN 

DNu~DN| 


in 


(for  DN,  < DN$  DNy) 


m 


where  M is  the  maximum  value  allowed  by  the  output  device,  and 
n is  an  arbitrary  integer  exponent.  Equation  1 produces  a nega- 
tive of  the  input  digital  image;  positive  whole  integers  n, 
further  stretch  the  low  radiance  values  encountered  in  the  ocean. 
The  graphic  result  of  using  equation  1 on  the  data  from  which 
figure  3 was  taken  is  given  in  figure  4. 

Figure  4 is  a negative  print  of  an  area  due  north  of  the 
Yucatan  Straits  using  MSS  5 data.  Computer  enhancement  in  this 
iamge  uses  only  five  gray  scales  of  the  128  levels  avg.ilable; 
all  values  below  DN,  are  set  to  127  and  all  above  DN^  are  set  to 
0.  The  boundary  between  the  resident  Gulf  waters  (left)  and  the 
current  (right)  is  seen  as  a transition  from  light  to  dark  tones 
respectively.  Since  the  radiance  levels  in  the  ocean  are  so  low, 
the  oceanographer  must  resort  to  computer  enhancement  as  this 
example  shows . 

Figure  5 is  another  enhancement  of  the  Loop  Current  boundary 
using  MSS  5 where  7^DN<15  and  n = 2.  In  this  negative  image  of 
the  western  Florida  Keys,  water  from  Florida  Bay  extends  into 
the  Florida  Straits  and  is  entrained  by  th,e  Loop  Current.  The 
current  boundary  in  both  figures  4 and  5 was-  delineated  by  sur- 
face vessel  tracks  during  the  day  of  the  satellite  transit. 

Notice  that  the  current  is  darker  in  tone  (higher  in  radiance) 
in  figure  5.  This  is  caused  by  the  dominance  of  surface  reflec- 
tion due  to  higher  sea  state  in  the  current  in  figure  4,  as  com- 

pared to  higher  reflectance  due  to  particles  in  the  Florida  Bay 
water  in  figure  5. 

SOME  THEORETICAL  CONSIDERATIONS 

At  this  point  it  is  useful  to  consider  in  detail  the  proc- 
esses contributing  to  the  radiance  spectrum  N(X)  at  the  position 

of  the  satellite.  Solar  radiation  incident  at  the  top  of  the 
atmosphere  is  absorbed  and  scattered  in  the  atmosphere.  Some 
radiation  is  scattered  back  into  space  without  striking  the 
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ocean  contributing  a radiance  N_C A.)  at  the  satellite.  The  rest 
(which  is  not  absorbed)  will  interact  with  the  ocean.  This 
interaction  can  yield  upwelling  radiance  above  the  ocean  in  three 
ways:  1)  specular  reflection  from  the  surface;  2)  diffuse  re- 

flection froTii  foam  (bubbles)  on  or  just  benea.th  the  ocean  surface 
and  3)  the  diffuse  reflection  from  water  molecules  and  suspended 
particles  in  the  water.  0£  these  the  first  two  phenomena  are 
closely  related  in  that  they  depend  on  the  sea  state,  while  the 
third  source  of  radiance  is  essentially  independent  of  sea  state. 
The  specular  reflectance  from  the  rough  ocean  surface  can  be 
computed  by  the  methods  of  Cox  and  Munk  (1954)  in  terms  of  the 
wind  speed  and  incident  radiance  distribution.  The  diffuse  re- 
flectance from  white  caps  can  be  approximately  accounted  for  by 
assuming  they  are  "white",  Lambertian,  and  have  an  albedo  of  1 
so  that  they  contribute  uniform  upwelling  radiance  just  above 
the  surface  given  by 

He  <>^>  I- 

where  f is  the  fraction  of  the  scene  covered  by  the  white  caps 
and  Hq (a)  the  irradiance  incident  on  the  sea  surface . The  third 
source  of  radiance,  that  from  beneath  the  surface,  is  the  most 
difficult  to  compute  and  will  be  discussed  in  detail  below.  We 
can  write  the  radiance  at  the  satellite  as 

N(X)  * NsCX)  + x(X}Nss(X)  + a(X)  N^(X)  (2) 

where  Ngg.(x)  is  the  contribution  at  the  surface  due  to  reflec- 
tion from  the  surface  and  white  caps , Nj  is  the  diffuse  radiance 
just  above  the  surface  due  to  photons  that  have  penetrated  the 
ocean,  a (x)  and  v (A ) are  atmospheric  transmittance  factors  for 
Nj  and  N33 . a (a.)  and  y (x)  are  in  general  not  equal  since 
the  radiance  distribution  (variation  with  angle)  of  N33  and  N. 
are  different.  It  is  possible  for  photons  to  be  reflected  from 
the  surface,  backscatter  from  the  atmosphere  into  the  ocean, 
and  scatter  back  into  the  atmosphere.  Photons  which  do  this  we 
consider  to  be  a part  of  N^.  It  should  be  stressed  at  this 
point  that  Nj  (A)  in  the  above  equation  is  the  pnZt/  source  of 
radiance  that  contains  information  about  conditions  beneath  the 
sea  surface  such  as  the  concentration  and  composition  of  sus- 
pended particles  and  dissolved  organic  material , A thorough 
understanding  of  the  dependence  of  Nj (a)  on . the  basic  optical 
properties  of  the  water  and  its  constituents  is  required  in 
order  to  obtain  quantitative  information  about  the  constituents 
of  the  ocean  from  measurements  of  N . (a ) . The  remainder  of  this 
section  is  devoted  to  relating  N^(Aj  to  these  optical  properties . 
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We  shall  assxnne  that  the  radiance  distribution  incident  on  the 
sea  surface  is  given,  and  that  the  radiance  is  transmitted  from 
the  ocean  to  the  satellite  in  a known  manner  given  by  a (a)  and 
’/Ca)  in  equation  2.  This  reduces  the  problem  to  that  of  taking 
a toown  downwelling  radiance  distribution  just  above  the  sea 
surface,  and  computing  the  distribution  (just  above’ the  surface) 
of  the  upwelling  radiance.  As  mentioned  above,  rad ient  energy 
interacting  with  the  ocean  can  be  absorbed  by  water,  suspended 


ficients  bj^  and  b (scattering  by  the  yellow  substance  appears  to 
be  negligible).  ?he  total  attenuation  coefficient,  c,  for  these 
interactions  is  given  by 

c~Cy^  + ep  + Cy  (3) 


particles,  and  dissolved  organic  material  commonly  called  yell 
substance  with  absorption  coefficients  a^,  a„,  a respectively 
and  scattered  by  the  water  and  particles  wita  scattering  eoef- 


where 


Cp=ap+bp^  (4) 

Cy"°y 


are  the  beam  attenuation  coefficients  of  the  water,  particles, 
and  yellow  substance.  The  scattering  is  further  characterized 
by  the  phase  function,  P(^) , which  relates  to  the  intensity  of 
radiation,  dJ(e),  singly  scattered  from  a small  sample  volume,  dv, 
when  illuminated  by  ah  incidence  irradiance,  Hq,  through 


(Hodv)b 


2wJ^  P {B)  sinfidd  * I 


(5) 


The  total  phase  function  for  water  and  particle  scattering  is 
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(b^  + bp) 

where  P^  and  Pjj  are  the  phase  functions  due  to  water  only-; 
and  particles  only  respectively.  It  is  convenient  to  further 
define  the  forward  (F)  and  backward  (B)  single  scattering 
probabilities  by 

Bsl-F 


Fs2t  f*'''^P(a)  sinad0  (6) 

JO 


and  the  single  scattering  albedo  by 


Hence  it  is  clear  that 


(bpBp  b^Biif ) 
( bp  4*b^) 


"0 


(bw**‘bp) 

(aw+Qp+ay+bp+bw)  * 


and  in  general. 


0 S o»o  ^ I • 


C8) 


(9) 


It  should  be  noted  that  all  of  the  above  quantities 
depend  dn  wavelength  (a) . The  transfer  of  radiation  in  the 
ocean  is  governed  by  the  radiative  transfer  equation  which 
has  been  discussed  in  detail  by  Chandrasekhar  (1960)  and 
Preisendorfer  (1965) . Gordon  and  Brown  (1973)  have  computed 
the  diffuse  reflectance  (upwelling  irradiance/ incident  irradi- 
ance)  just  above  a flat  homogenous  ocean  as  a function  of  its 
optical  properties  by  a Monte  Carlo  technique.  Using  a com- 
bination of  the  parameters  which  arise  naturally  from  the 
quasi-single  scattering  model  (Gordon  1973),  Gordon,  Brown 
and  Jacobs  (in  preparation)  show  that  the  diffuse  reflectance 
(R(j)  can  be  written 

Rd*O.I79x  + 0.0510x2  + 0.I7I0X* 
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where 


X 5 T -2— 

(i-WoF) 


Rjj  is  to  first  order  independent  of  the  distribution  of  the 
incident  irradiance.  It  should  be  emphasized  that  the  above 
equation  does  not  include  the  irradiance  specularly  reflected 
from  the  sea  surface  or  white  caps,  i.e,  Rj  is  the  contribution 
to  the  reflectance  from  photons  which  penetrate  the  surface  and 
are  multiple  scattered  back  into  the  atmosphere*  Preliminary 
computations  (Gordon  and  Brown  unpublished)  indicate  equation  9 
is  also  valid  for  a moderately  rough  surface.  The  radiance 
distribution  above  the  sea  surface  (due  to  photons  scattered 
out  of  the  ocean)  is  only  weakly  dependent  on  , and  thus 
the  radiance  at  any  viewing  angle  will  in  first  order  vary  with 
0,^^  , and  B in  the  saAe  fashion  as  R^.  Hence,  it  is  sufficient 
to  Study  the  influence  of  the  optical  properties  of  the  ocean 
on  R(j  alone. 

Equation  9 shows  that  the  important  oceanic  parameters  are 
and  B,  and  so  the  observed  reflectance  spectrum,  R^j  (A),  can  be 
explained  entirely  through  a knowledge  of  u>p  (a)  and  B(a).  Con- 
versely under  optimum  conditions,  only  UqCa)  or  B(A)  can  be  de- 
duced from  R(j  and  then  only  if  one  of  these  quantities  is  al- 
ready known.  The  situation  appears  quite  depressing  when  it  is 
realiied  that  <Uo(a)  is  only  imperfectly  known  even  for  pure  water 
and  to  our  knowledge  there  are  no  measurements  of  B (A)  and 
(X)  for  various  kinds  of  suspended  particles  . Hence  at  the 
pres  exit  time  it  is  difficult  to  interpret  <Og(A  ) and  B(a)  even  if 
both  could  be  extracted  from  Rjj(A)  measurements.  This  under- 
scores the  necessity  of  laboratory  experimentation  to  determine 
these  optical  properties  for  various  ocean  constituents  such  as 
marine  phytoplankton,  and  suspended  mineral  particles,  for  ade- 
quate interpretatiort  of  oceanic  "color".  If  the  optical  prop- 
erties of  the  constituents  are  known,  then  it  is  theoretically 
possible  to  determine  their  concentrations  through  observations 
Of  Rjj(a)  as  is  discussed  in  several  examples  below. 

We  shall  now  examine  a particularly  simple  problem  of  in- 
terpretation, that  of  determining  the  concentration  of  suspended 
material  in  the  absence  and  presence  of  yellow  substance.  The 
particles  are  assumed  to  be  nonabsorbing,  and  their  scattering 
coefficient  is  assumed  to  be  independent  of  wavelength  (cases 
where  bp  = (const.)  A"^  with  n:Cl  have  also  been  investigated  and 
yield  results  not  dramatically  different  from  the  n = 0 cas^. 
These  ealculations  will  not  apply  at  all  to  locations  with  par- 
ticles containing  absorbing  pigments  such  as  phytoplankton  in  the 
water,  since  Mueller  (1973)  and  Gordon  (1974)  have  shorn  that 
scattering  from  such  particles  varies  strongly  with  wavelength 
near  the  pigment  absorption  bands. 
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In  order  to  use  equation  10,  B(a)  and  a>o(x3  in  equations 
8 and  9 must  be  determined.  We  shall  follow  Tyler,  Smith  and 
Wilson  (1972)  and  use  for  and  values  experimentally 
computed  for  sea  water  continuously  filtered  for  18  hours 
(Petzold  1972),  rather  than  theoretical  computations  of  these 
quantities  for  pure  water.  We  do  not  feel  comfortable  with 
this,  however,  on  the  above  basis  they  have  estimated  the 
absorption  spectrum  of  "clear  natural  water",  and  since  we 
use  their  ay^fx)  spectrum  this  assumption  is  essential  for 
consistency.  It  is  thus  assumed  that  B^^  = 0.1462  and 
b^  = O.OOSm"^  at  550  nm,  so 

b„  = 0.008 

To  find  Bp,  Petzold' s measurements  of  P(^)  from  the  Tongue  of 
the  Ocean^ (TOTO) , San  Diego  Harbor  (SDH) j and  Off  Shore  Cali- 
fornia (OSC)  at  530  nm  Iiave  been  used.  Assuming  the  above  for 
B^  and  b-j^,  the  contribution  from  water  is  subtracted  yielding 
the  Bp  values  listed  in  Table  1 (oi^  is  given  in  the  paren- 
thesis and  <0  for  filtered  sea  water  at  this  wavelength  is 
0.136). 


TABLE  1 


Derived  Values  of  Bp  for  the  Indicated  Locations 


TOTO 

0.0165  (.59) 
0.0158  (.25) 
0.0130  (.26) 


SDH 

0.0186  (.82) 
0.0194  (.83) 
0.0169  (.91) 


OSC 

0.00966  (.59) 
0.00836  (.55) 
0.00836  (.55) 


From  Table  1 it  is  clear  that  Bp  not  only  varies  considerably 
from  one  location  to  another,  but  also  varies  eonsiderably 
for  a single  region.  This  is  unfortunate  in  that  for  small 
, Rd  is  directly  proportional  to  B and  and  B are  then 
equally  important  in  determining  R(j  for  these  cases.  We 
shall  assume  that  Table  1 gives  the  range  of  variation  of  B_ 
to  be  expected  in  natural  waters,  however  this  is  probably  ^ 
not  the  case.  Furthermore  we  will  assume  Bp  (and  B:^^)  is 
independent  of  wavelength. 

Since  a is  taken  to  be  zero,  and  the  a^(x)  estimate  of 
Tyler,  Smith^and  Wilson  is  to  be  used,  only  ay(x)  remains  to 
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be  considered.  This  is  taken  from  Jerlov  (1968,  Page  56)  and 
is  parameterized  ty 

Cly(X)  = aye°0'^®^550-X) 

where  k is  in  ran.  Reasonably  high  concentrations,  of  yellow 
substances  in  the  open  ocean  have  ay  k 5 ?c  10"® m~'  (i.e., 

near  Galapagos  Islands)  however,  Ey'^can  be  much  larger  in 
coastal  regions.  ' 

Using  the  above  and  equation  10,  we  have  computed  R<i(X) 
called  Reflectance  (0,-)  in  the  figures,  as  a function  of 
bp/bw  (proportional  to  the  concentration  of  suspended  par- 
ticles) for  various  values  of  Bp  and  a.  . The  results  are 
given  in  figures  6 through  10.  ^ 

Figure  6 shows  the  R^  for  x=  550  nm  as  a function  of 
t>p/b-w  and  Bp.  The  linearity  of  R,j  with  bp/b^  is  to  be  noted. 
These  results  clearly  demonstrate  the  importance  in  knowing 
Bp  for  a quantitative  determination  of  the  particle  concen- 
tration from  R^  (which  is  measured  at  the  sea  surface') . 

Figure  7 shows  spectra  of  R^  again  for  various  values  of 
bp/bvr  but  now  with  Bp  = 0.0165.  These  spectra  have  the  same 
general  shape  as  those  observed  by  Tyler  and  Smith  (1970) 
just  beneath  the  surface  in  Crater  Lake,  but  are  not  in 
quantitative  agreement  even  when  the  loss  due  to  transmittance 
through  the  water  surface  is  considered.  Basically  the 
difference  is  that  quantitative  agreement  requires  too  large 
a value  of  bp/b^.  This  could  be  due  to  the  value  of  Bp  used, 
the  fact  B_  is  assumed  to  be  independent  of  wavelength,  or 
inaccuraciBS  in  their  estimated  a,,^(X)  on  which  the  present 
calculations  are  based.  In  any  event  the  computations  can  be 
used  as  a guide  for  examining  BRTS  related  data.  Figure  8 
shows  the  influence  of  yellow  substance  on  the  reflectance 
for  the  case  with  bp/bw  ~ 128  and  Bp  = 0.0165.  The  major 
influence  of  the  yellow  substance  is  to  depress  the  blue 
region  of  the  reflectance  spectrum.  All  of  these  results  are 
summarized  in  figures  9 and  10,  where  the  reflectances  have 
been  integrated  over  the  ERTS  MSS  channels  4 (figure  9)  and 
5 (figure  10)  for  various  B and  ay  as  a function  of  b_/b^. 

It  is  seen  that  the  yellow  substance  influences  the  rerlec- 
tance  in  MSS  4 only  at  very  high  concentrations  (for  the  open 
ocean)  and  essentially  plays  no  role  in  the  MSS  5 reflectance. 
Therefore,  for  suspended  particle  concentrations,  it  appears 
that  MSS  5 is  best  with  MSS  4 only  slightly  degraded  by  the 
dissolved  organic  materials.  It  should  be  emphasized  again 
that  the  above  discussion  refers  only  to  the  case  of  no 
phytoplankton  (chlorophyll) ! 
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We  now  turn  to  the  problem  o£  estimating  bp/b^  or  some 
related  quantity  from  satellite  observations.  Since  the 
above  calculations  are  only  for  the  case  of  negligible 
phytoplankton  (chlorophyll)  concentrations  we  must  find 
criteria  from  which  to  choose  which  ERTS  channels  will  satisfy 
this  constraint.  Also  unless  only  MSS  5 is  used  we  expect 
yellow  substances  to  be  important  especially  in  coastal  re- 
gions where  river  runoff,  etc.,  may  be  considerable.  Further- 
more there  is  the  additional  problem  that  the  reflectance 
depends  on  Bp  which  is  also  unknown , as  will  as  bp/b^.  We 
have  developed  a method  which  partially  overcomes  some  of 
these  problems.  Considering  the  radiances  observed  in  MSS  4 
and  5,  we  have  approximately 

^4  “«4^d4+  r4Nss4+  Ns4 
^5  + 75^885  + Nsg 


where  and  7^  (i  = 4,  5)  are  the  fractions  of  Ndj  and  Ngs^ 

(measured  at  the  sea  surface)  that  reach  the  sensor . It  is 
assumed  that  and  are  constant  over  an  ERTS  Frame  (if 
they  vary  in  a known  way,  their  influence  is  easily  accounted 
for  and  will  not  be  discussed  further) . Now  from  the  theory 


where  k^  and  kg  are  essentially  independent  of  bp/b^,  but 
depend  directly  on  Bp.  Taking  the  horizontal  gradient, 
of  equation  11  using*^equation  12  we  find 

VhNi  s kjajVH  ("^  ) + yiVnNgg 

X ^ / t 


since  Ngj  is  nearly  constant  over  a frame  (VNg.  = 0) . The  last 
terjn  in  equation  13,  VH%si»  the  horizontal  gradient  of  the 
reflected  radiance  from  the^  sea  surface . This  is  nearly  zero 
everywhere  except  where  the  sea  state  changes  dramatically 
with  horizontal  distance  (for  example  in  figure  4) . Nearly 
everywhere  on  the  frame  then,  VjjNssi  “ 0,  so 


^hN4 


kgag 
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Again  *4/ “5  is  constant  (or  slowly  varying)  over  tLe  scene; 
so  almost  everywhere  in  the  frame,  variations  in  VJJN4/  %% 
are  the  result  of  variations  in  ^4/^5.  Now  if 
Bp  is  constant,  or  if  the  "mean"  Bp  is  constant  in  each 
wavelength  hand,  this  would  imply  that  essentially  only  the 
concentration  of  scattering  particles  varies  over  the  frame, 
i.e.  not  the  nature  of  particles  or  their  size  distrihution. 
In  this  case,  k4/k5  would  be  constant.  Hence  essentially 
k4/k,5  will  vary,  if  the  nature  or  size  distribution  of  the 
particles  varies  over  the  frame  (Bp  changes) , or  if  the 
yellow  substance  concentration  varies  considerably  over  the 
frame,  which  would  force  k4  to  vary  independently  of  ks. 

Thus  if  we  find 


^hN4 

VhNb 


= Const 


(15) 


it  is  reasonable  to  eicpect  that  only  the  particle  concentration 
changes  over  the  frame.  In  this  case 


VhN4  or  V14N5  ~ 7^  ( particle  concentration) 

Note  here  that  these  relations  should  also  apply  to  scenes 
containing  phytoplankton  if  they  are  the  dominant  scatterersj 
but  for  mixtures  of  phytoplankton  and  suspended  white  particles, 
one  would  expect  equation  15  to  be  violated  over  a scene  if  the 
relative  concentrations  vary  drastically.  To  reiterate,  if  15 
holds,  probably  only  the  particle  concentration  varies  over  the 
frame,  and  16  can  be  used  to  measure  the  gradient  of  its  con- 
centration. Since  Bp  is  unknown,  the  actual  concentration  is  in- 
determinate without  ground  truth  to  better  than  a factor  of  two, 
since  this  is  the  assumed  uncertainty  in  Bp.  Several  examples  of 
the  use  of  the  above  ideas  for  analysis  ox  ERTS  data  are  pre- 
sented below. 


DISCUSSION 

Equation  16  was  applied  to  MSS  4 and  MSS  5 data  in 
figure  11.  This  computer  enhanced  negative  image  of  the 
Cape  Hatteras  region  shows  what  appears  to  be  large  gradients 
in  suspended  sediment.  The  Gulf  Stream  apparently  has 
entrained  particles  from  Rayleigh  Bay  and  is  carrying  them 
out  to  sea.  Along  the  scanline  shown  we  have  computed 

■|r  K]  = [n«]  + •> 
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properties  o£  the  individual  components  with  wavelength  is 
known. 

As  an  example  o£  this,  the  spectra  given  in  £igure  12 
were  integrated  over  the  MSS  4,  MSS  5,  and  MSS  6 £ilter 
£unctions.  A series  o£  numerical  tests  were  then  made  o£ 
ratios,  di££erences,  and  sxxms  to  see  i£  the  three  water  types 
could  be  distinguished  at  the  sea  surface.  It  was  quite  easy 
to  distinguish  on  the  basis  o£  such  calculations  between  the 
Gul£  Stream  waters  and  the  coastal  waters,  and  between  the 
coastal  waters  and  the  plankton  bloom;  however  it  was  not 
possible  to  distinguish  between  the  Gul£  Stream  and  the 
plankton  bloom.  This  suggests,  as  the  theory  implies,  that 
£or  these  data  the  ratio  test  (MSS  4/MSS  5)  is  not  likely  to 
be  success£ul  in  speci£ying  the  chlorophyll-a  concentration. 
Further,  since  the  sea  surface  component,  Ngg,  spectrally 
alters  N (X),  numerical  tests  (ratios,  differences  eta.)  are 
invalid  indicators  of  oceanic  properties. 


Probably  the  most  efficient  method  of  determining  the 
concentration  of  the  constitutents  in  the  ocean  will  be  to 
compare  theoretical  and  experimental  spectra,  adjusting  the 
constitutent  concentrations  in  the  theoretical  spectra  until 
agreement  is  found.  This  of  course  requires  a basic  under- 
standing of  the  optical  properties  of  the  constitutents  which 
can  be  derived  only  from  carefulin  situ  and  laboratory  experi- 
ments. It  seems  that  at  the  present  time  much  energy  and 
money  is  being  expended  to  try  and  use  optical  methods  to 
locate  and  study  materials  with  nearly  unknown  optical  pro- 
perties suspended  or  dissolved  in  a medium  with  only  poorly 
known  optical  properties.  This  must  be  overcome  before 
significant  progress  can  be  made. 

A final  interpretation  of  oceanic  observations  from  ERTS 
is  given  in  figure  13  which  is  a computer  enhanced  MSS  6 
negative  image  of  southeastern  Florida.  The  dark  lineation 
parallelling  the  coast  in  the  upper  portion  of  the  image  is  a 
zone  of  high  reflection  caused  by  locally  increased  Ngg  along 
the  edge  of  the  Florida  Current.  The  increase  in  surface 
reflectance  is  probably  caused  by  surface  wave  interaction  with 
the  cyclonic  boundary  and  is  not  bottom  influence.  This  further 
explains  the  edge  effect  and  supports  the  discussion  on  the 
local  dependence  of  VjjN  on  v^Ngg  only  given  above.  Another 
example  of  the  dominance  of  Ngg  is  the  bright  slick  areas 
(low  N)  off  the  Virginia  Key  sewer  treatment  plant.  This  is 
probably  caused  by  the  dampening  of  the  glitter  causing 
capillary  waves  in  the  oil  film  associated  with  the  organic 
slick.  The  slick,  which  has  drifted  south  past  the  popular 
Key  Biscayne  beaches,  offers  an  explanation  of  the  narrow 
lineation  off  shore  in  the  Florida  Straits:  a passing  oil 

tanker  heading  south  which  is  pumping  her  bilges  would  cause 
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where  the  least  squares  values  for  g=0.38  and  h=0.00,  and  the 
linear  correlation  coefficient,  r,  is  0.66.  The  coefficient  of 
determination,  r^ , which  is  the  ratio  of  the  explained  varia- 
tion from  the  mean  Cby  the  least  squares  line)  to  the  total 
variation,  is  4-4I.  Physically  this  means  that  this  image  may 
not  be  useful  for  determining  particle  concentrations  because 
Bp,  «>o  (i.e.  ay),  or  bp/bw  may  be  changing.  The  extent  to  which 
this  holds  true  in  natural  waters  is  unknown;  this  will  be 
extensively  tested  in  the  New  York  Bight  area  where  turbidity 
measurements  are  being  made  by  NOM  vessels  concurrent  with 
ERTS  transits. 

The  data  of  figures  7 and  8 can  be  compared  to  measure- 
ments of  upwelling  irradiance.  Data  given  in  figure  12  were 
observed  using  a %-meter  Ebert  spectroradiometer  from  3 meters 
above  the  surface;  these  observations  were  made  during  the 
time  frame  of  figure  5 and  represent  the  water  types  shown  in 
that  image.  All  spectra  were  carefully  selected  to  represent 
the  same  downwelling  irradiance,  sea  state,  sun  angle,  cloud 
cover,  and  absence  of  bottom  influence.  Specular  reflection 
due  to  waves  were  minimized  by  preselecting  ten  spectra  with 
similar  shapes.  After  digitizing  the  records,  averages  and 
standard  deviations  C<^)  were  computed  at  each  wavelength;  if 
values  exceeded  the  average  by  1<^,  they  were  rejected  and  a 
new  mean  computed.  Absolute  values  of  the  spectra  are  traced 
to  NBS  through  the  2-meter  integrating  sphere  at  NASA's 
Goddard  Space  Flight  Center. 

As  the  chlorophyll-a  concentration  increases,  the  spectral 
peak  shifts  to  longer  wavelengths  in  similarity  with  the  com- 
puted data  in  figure  8.  This  is  not  to  say  that  the  chloro- 
phyll-a and  the  yellow  substance  produce  quantitatively  similar 
results;  in  general  they  will  not.  What  it  does  imply  is  that 
the  broad  absorption  bands  in  pigments  such  as  chlorophyll  and 
yellow  substance  at  shorter  wavelengths  (<600  nm)  produce 
qualitatively  similar  effects  in  the  spectra.  When  other  fac- 
tors are  equal,  increasing  the  concentration  of  pigments  will 
cause  a decrease  in  the  radiance  in  MSS  4 only.  In  nature 
however,  such  as  in  a plankton  bloom  or  in  a river  plume, 
increased  amounts  of  chlorophyll  are  normally  accompanied  by 
increased  particle  concentrations  (organisms  which  contain 
the  chlorophyll)  as  well  as  yellow  substances  (decay  products 
of  the  plankton) , and  increased  amounts  of  "white"  suspended 
particles  in  the  river  plxime  case.  The  radiances  in  MSS  4 
and  5 will  in  these  cases  vary  iii  a mahner  whieh  Sill  depend 
again  on  the  relative  concentration  of  the  constitutents , and 
since  a and  b vary  almost  independently,  the  reflectance 
signature,  which  depends  on  “o(A)  and  B(A)  is  not  unique  and 
can  be  unraveled  only  when  the  variation  of  the  optical 
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a similar  feature  on  the  image.  Thus  ERTS  could  he  useful  in 
patrolling  coastal  waters  for  such  illegal  acts  which  affect 
the  nearshore  water  quality. 


CONCLUSIONS 

The  spectral  properties  of  the  oceanic  front  associated 
with  the  Loop  Current  have  been  studied  by  ship  and  satellite 
observations  and  by  radiative  transfer  theory.  It  is  seen 
that  computer  enhancement  is  required  to  extract  useful 
information  from  the  ERTS  data  for  the  ocean  scene.  The 
Current  boundary  can  be  detected  by  changes  in  the  surface 
reflectance,  Nssi  as  well  as  the  diffuse  reflectance,  N(ji  from 
below  the  surface;  N^  however  is  dependent  on  both  B and 
and  thus  the  spectral  interpretation  of  ocean  color  requires 
surface  truth  measurements  for  meaningful  results.  Particle 
concentrations,  which  can  delineate  currents,  can  be  estimated 
in  MSS  5 if  the  ratio  %N4  /%N5  is  reasonably  constant  over  a 
scene.  MSS  4 is  strongly  influenced  by  yellow  substance,  and 
particle  estimation  based  on  these  data  are  invalid  in  many 
coastal  zones.  Water  mass  identification  using  ratios  or 
differences  of  MSS  4,  5,  and  6 data  have  no  validity  in  either 
theory  or  observation  in  the  Gulf  of  Mexico.  Finally,  it  must 
be  emphasized  that  the  spectrum  of  upwelling  radiance  just 
above  the  surface  is  a function  of  both  Nd  and  Ngg  and  that 
Nss  frequently  dominates. 
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Figure  1.  Time  series  of  the  Loop  Current  in  the  Gulf  of  Mexico,  August  1972- 
September  1973.  The  pathlines  are  the  location  of  the  22°C  isotherm 
at  100  meters  depth.  Each  cruise  was  synchronized  with  ERTS  passes 
over  the  area  every  36  days.  The  indicator  isotherm  was  located  by 
expendable  bathythermographs  from  a surface  vessel;  this  isotherm  is 
approximately  20  kilometers  to  the  right  of  the  cyclonic  edge  facing 
downstream. 
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Figure  2 
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Cross  section  of  the  Loop  Current  taken  by  ship  along  a suborbital 
track  on  the  day  of  ERTS  transit.  Section  shows  typical  increase 
in  salinity  and  temperature  (dashed-radiometric,  solid-bucket)  when 
crossing  into  the  current.  Similarly  chlorophyll-a  and  volume 
scattering  function  at  45°  (436nm  light)  decrease.  The  temperature- 
depth  section  shows  the  relation  between  the  22°C  at  100  meters  and 
the  surface  frontal  zone  Ut  ca.  1330  GMT).  Horizontal  scale  is  5 
hours  travel  time  at  9.8  knots  or  90  kilometers. 
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Figure  4.  Negative  print  of  computer  enhanced  (9<DN<13;  n = 1)  MSS  5 image  of 
the  cyclonic  boundary  of  the  Gulf  Loop  Current.  Surface  vessel  track 
confirmed  the  location  of  the  current  to  be  the  darker  shade  (higher 
radiance)  region  on  the  right  hand  side  of  the  image  (ERTS  ID  1065- 
15411).  Scanline  plot  in  Fig.  4 horizontally  passes  through  the 
middle  of  the  scene.  Horizontal  distance  across  the  image  is  90 
kilometers. 
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Figure  5,  Negative  print  of  computer  enhanced  (7^DN<15;  n = 2)  MSS  5 image  of  Marquesa  Key  and  Key  West  (ERTS 
ID  1099-15293).  Change  in  radiance  southwest  of  Marquesa  from  dark  to  light  marks  the  ship-located 
boundary  between  the  higher  intensity  Florida  Bay  water  and  the  lower  intensity  Gulf  Stream.  Bottom 
depth  is  in  excess  of  100  meters  and  thus  does  not  contribute  to  the  radiance.  Horizontal  distance 

across  the  image  is  135  kilometers. 
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Figure  6.  Computed  reflectance  in  percent  at  the  sea  surface  as  a function  of  the  ratio  of  the  particle  scattering 

coefficient  to  the  water  (only)  scattering  coefficient  for  550nm.  The  value  of  the  fraction  of  backscattered 
light  due  to  particles  (B^)  for  each  curve  is  given  on  the  right  hand  side. 
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Figure  7.  Computed  reflectance  in  percent  at  the  sea  surface  as  a function  of  wavelength  for 
various  values  of  the  ratio  of  the  particle  scattering  coefficient  to  the  water  scatter- 
ing coefficient.  Note  the  waveler^th  dependence  in  these  spectra  of  changing  the 
particle  concentration. 
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Figure  8.  Computed  reflectance  spectra,  in  percent,  at  the  sea  surface.  The  ratio  of  the  particle 
to  water  scattering  coefficients  (hp/b^)  and  the  fraction  of  backscattered  light  are 
128  and  0.0165  respectively.  Vames  of  the  absorption  coefficient  due  to  yellow 
substance  (a^)  are  listed  on  the  left  hand  side.  Note  the  shift  of  the  spectral  peak  to 
longer  wavelengths  with  increasing  a^. 


1301 


1302 


Figure  9.  Gomputed  refleGtance  in  percent  at  the  sea  surface  as  a function  of  the  ratio  of  the  particle  to 
the  water  .scattering  coefficients  integrated  over  the  spectral  response  of  the  MSS  4 filter  (0.5- 
0,6vim).  Values  of  the  absorption  coefficient  due  to  yellow  substance  (ay)  are  listed  along  the 
right  hand  side.  Note  the  linearity  depends  on  both  ay  and  the  fraction  of  backscattered  light. 
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Figure  10.  Computed  reflectance  at  the  sea  surface,  in  percent,  as  a function  of  the  particle  to  water 

scattering  coefficient  ratio,  integrated  over  the  response  function  of  the  MSS  5 filter  (0.6-07  pm). 
Values  of  the  absorption  coefficient  due  to  yellow  substance  (ay)  are  listed  along  the  right  hand 
side.  Note  the  linearity  is  not  strongly  dependent  on  ay  but  only  on  the  fraction  of  backscatter 
light, 


to 

cn 

CO 

1 E XJ 

S- 

E O E C 

(U 

<U  r~  CO  O 

-M 

CO 

CU  4-^ 

CO  JC  <U  E to 

in  E cu  CO 

O E CU 

<1?  4-  XJ  -I- 
CL  O X3  E 

CO 

to  (U  <U 

x:  CO  to  x: 

+-»  S 4-> 

M- 

3 Xf  E 

O 

O CU  3 

to  r-v  X5  4- 

cu 

1—  E 

E 

CU*-^  CU  to 

O 

x:  CL  E 

* 

JZ 

-M  • to  <u 

to 

to 

O-  3 +J 

E 

M- 

o cu  to  cu 

cu 

4- 

-•->  E 

4-> 

O 

tf-  <D  O 

CU 

CO  o x:  1— 

E 

CO 

cu  +->•!- 

O 

<U 

E +j 

s- 

CO  •!-  x: 

•r- 

CO 

4-  cno  -X 

4->  3 tn 

E 

x:  to  o 1— 

un 

CO 

CD  cu  E 

00 

<U 

•r-  E XC  S- 

r— “ 

U 

E CO  4->  O 

O 

X3  3 M- 

to 

cx 

•r- 

<U 

CU  to  CU  XI 

x: 

XT  E CU 

CU 

4-> 

4->  4->  O > 

CD 

to  X3  S- 

CO 

u. 

to  CO  to  CU 

E 

Q 

CO  CU  E to  *1“ 

r—  CO  xa 

<U 

E cu  O 

CU 

CO 

<U  cu  E 

x: 

CO 

cu  x:  cu 

+J 

E 

to  H-  E s- 

<U  to 
3 to 
o 
s- 
o 

(O 


o 

<u 

cu  xj  * 

> to  <u 

C <U  O)  E 
+J  fO  T-  C 3- 

fO  U •!-  r- 

cn  CO  “O  Q-  <u 

<U  E 3 C U 

.c  CO  +J  <U  to  c 

<u  CO  +J  .p- 

s-  <u  X x:  +J 

CM  +J  O)  4->  to 

r-"  -r- 

li  CO  XJ  4-  T3 
M-  C O 

C r— • to  CO  r~- 

3 CO  to  CO 
''‘CD  O <D  C +J 
CM  U Q-  O C 
, <L)  CO  'I-  O 

y |x:  <u  o to  N 
^ h-JZ  C ‘f- 
Q,  +J  <L)  O)  S- 
V 1 JZ  o 

^ • E 4J  X in 

O UJ 

CM  S-  4- 


X ■'0-  M- 

o 

. 

CU  O 
x:  Lo  +j 

XT 

• to 
+J  cu 

u f—  e 

E on 

4->  1 cu 

E 

cu  CO 

cu  CM  E 

O 

s-  E 

E OO  T- 

E 

E *r- 

I—  X 

to  1—  <u 

CU 

3 

U CO 

to 

E 

H- 

+J  o 

•i — 

CU  ex 

to  »-H  X 

fr— 

x:  cu 

CO  cu 

E 

4-> 

E t/)  E 

(O 

E 

4-»  1—  •!- 

o 

O CU 

E ex  CO 

to 

+J  J- 

O UJ  E 

CO 

E +J 
•I-  O 

<u 

3 

CO 


1304 


Figure  13,  Negative  print  of  computer  contrast  stretched  (7<DN<15;  n = 2)  ERTS 
image  of  South  Florida  (ERTS  ID  1026-15230).  The  FTorida  Current 
can  be  seen  as  a line  of  dark  lineation  parallel  to  the  coast;  bot- 
tom is  essentially  invisible  in  this  MSS  6 scene.  A ship  can  be 
seen  by  its  characteristic  V-shaped  wake  just  offshore  of  Miami 
Beach.  Possibly  the  Virginia  Key  sewer  outfall  area  can  be  observed 
by  its  low  reflectance  due  to  an  organic  slick.  Horizontal  distance 
across  the  image  is  90  kilometers. 
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Paper  M 2 


OCEAN  INTERNAL  WAVES  OFF  THE  NORTH  AMERICAN  AND  AFRICAN  COASTS  FROM 
ERTS-1 

John  R.  Apel,  Robert  L.  Charnell,  Atlantic  Oceanographic  and  Meteorological  Laboratories,  NOAA, 

Miami,  Florida  33149 ■ 


Abstract 


Periodic  features  observed  in  the  ocean  portions  of 
certain  ERTS-1  images  have  been  identified  with  reasonable 
certainty  as  surface  manifestations  of  oceanic  internal 
gravity  waves.  A series  of  images  taken  over  the  New  York 
Bight,  commencing  with  the  16  July  1972  overpass  and  con- 
tinuing on  into  autumn  of  1973,  has  shown  the  internal  waves 
to  be  present  when  summer  solar  heating -stratifies  the  water 
sufficiently  well  to  support  such  oscillations.  When  fall 
and  winter  wind  action  mixes  the  shelf  water  down  to  the 
bottom,  the  waves  no  longer  appear.  In  the  Bight,  the  wave- 
lengths range  from  approximately  400  to  1000  m,  with  the  wave 
field  being  most  sharply  delineated  near  the  edges  of  the 
continental  shelf,  at  the  mouth  of  the  Hudson  Canyon.  They 
appear  in  packets  consisting  of  several  waves  separated  by 
10-15  km,  which  propagate  up  on  the  shelf  and  disappear. 
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The  internal  wave  dispersion  equations  have  been 
solved  for  the  water  conditions  existing  in  the  area  and 
wave  refraction  patterns  calculated.  This  shows  the  waves 
to  be  highly  refraction^oriented  by  the  bottom  topography 
near  the  Hudson  Valley  and  the  packets  to  be  separated  by» 
approximately  twelve  hours— one  semidiurnal  tidal  period. 

They  also  disappear  about  where  the  water  depth  equals  the 
mixed  layer  depth. 

An  explanation  of  the  sources  and  sinks  for  the  internal 
waves  is  that  they  are  "daughter"  waves  generated  for  a few 
hours  during  the  peak  current  velocity  by  the  long-wavelength 
baroclinic  tide  occurring  at  the  edges  of  the  continental 
* shelves  and  Island  arcs. ’ They  then  propagate  with  very  low 
phase  speeds,  of  order  k to  h ni/s,  to  be  absorbed  in  the 
bottom  sediments  where  the  wave  breaks  on  the  shelf.  On  a 
worldwide  basis,  this  process  can  account  for  a significant 
portion  of  the  3 x 10  -watt  loss  in  rotational  energy  of 
the  earth-moon  systeia  and  the  at-bendant  lengthening  of  the 
day. 

The  waves  have  also  been  detected  off  the  east,  and  west 
coasts  of  Africa,  where  the  wavelengths  approach  4 km.  On 
the  western  continental  shelf,  they  appear  in  packets 
separated  by  30-40  km  and  are  highiy  phase -oriented  parallel 
to  the  bottom  shelf  topography.  Once  again,  twice-daily 
generation  by  tides  in  the  highly  stratified  water  can  account 
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fx>r  the  six  packets  observed  in  the  image.  On  the  African 
east  coast,  where  the  continental  shelf  is  narrow  and  the 
water  deep,  very  little  topographic  orientation  is  apparent; 
the  waves  appear  to  have  near-random  phase,  in  agreement  with 
shipborne  measurements  of  open-ocean  internal  wave  eoherencies. 

Digital  image  processing  is  necessary  to  bring  out  the 
subtle  image  brightness  changes  which  the  waves  cause  in 
an  ERTS  scene.  Two-dimensional  Fourier  transforms  have  been 
computed  for  individual  wave  packets.  Power  spectra  taken 
from  space  series  sampled  in  the  direction  of  the  propagation 
vector  reveal  the  shelf  waves  to  be  coherent  narrow-band 
processes,  while  the  open-ocean  waves  are  nearly  incoherent. 
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Figure  Captions 


1.  New  York  Bight  on  16  August  1972;  the  computer-enhanced 
negative  print  shows  oceanic  internal  waves  in  southeast 
corner. 

2.  Internal  wave  patterns  superimposed  on  continental  shelf 
bottom  topography , showing  wave  packets  separated  by  12 
hours ' propagation  time  and  guided  by  Hudson  canyon  up  to 
30-fathom  contour. 

3.  Detailed  characteristics  of  one  internal  wave  packet 
having  400-  to  50 0-m  wavelengths  (left  side);  two-dimensional 
Fourier  transform  of  left  scene/  with  axes  proportional  to 
wave  vector  components. 

4.  Schematic  of  internal  wave  generation  at  shelf  edge, 
propagation  and  absorption  where  top  of  thermocline  inter- 
sects bottom  at  30  fathoms. 


1315 


1316 


F igure  4 


Paper  M 3 


A REVIEW  OF  INITIAL  INVESTIGATIONS  TO  UTILIZE  ERTS-1  DATA  IN 
DETERMINING  THE  AVAILABILITY  AND  DISTRIBUTION  OF  LIVING 
MARINE  RESOURCES 

William  H.  Stevenson,  NO  A A,  National  Marine  Fisheries  Service,  Mississippi  Test  Faciiity,  Bay  St  Louis, 
MS  39520;  Andre\N  J.  KemmerQr,NOAA,  National  Marine  Fisheries  Service,  Washington,  D.C,  20235; 
Buddy  H.  Atwell,  NASA,  Earth  Resources  Laboratory,  Mississippi  Test  Facility,  Bay  St  Louis,  MS  39520; 
and  Paul  Earth  Satellite  Corporation,  1747  Pennsylvania  Avenue,  Washington,  D,C. 


INTRODUCTION 

The  National  Marine  Fisheries  Service  has  been  studying  the  application  of 
aerospace  remote  sensing  to  fisheries  management  and  utilization  for  many 
years.  This  report  summarizes  NMFS/NASA  Project  Number  240.  Details  are 
available  in  the  final  report  by  Stevenson  and  Pastula.  This  15-month 
study  was  initiated  in  July  1972  to  determine  the  reliability  of  satellite 
and  high  altitude  sensors  to  provide  data  about  oceanographic  parameters  in 
coastal  waters;  demonstrate  the  use  of  remotely  sensed  oceanographic  information 
to  predict  the  distribution  and  abundance  of  adult  menhaden;  and,  demonstrate 
the  potential  of  using  satellite  acquired  information  for  improving  the 
harvest  and  management  of  a fishery  resource.  The  study  focused  on  coastal 
areas  in  the  north  central  portion  of  the  Gulf  of  Mexico  including  parts  of 
Alabama,  Mississippi  and  Louisiana  (Fig.  1).  The  area  used  in  the  final 
analysis  was  limited  to  the  Mississippi  Sound,  which  is  approximately  145 
kilometers  (90  miles)  long  and  16  kilometers  (10  miles)  wide,  has  an  average 
water  depth  of  about  3.7  meters  (12  feet),  and  in  general  characterizes  an 
estuarine  environment, 

A small  industrial  fish,  commonly  called  menhaden,  was  selected  as  the  target 
species  (Fig,  2).  This  fish  supports  the  largest  volume  commercial  fishing 
industry  in  the  United  States  and  is  a major  source  of  protein  for  animal 
feed  as  well  as  oils  and  solubles  for  several  hundred  other  uses.  The  menhaden 
is  a surface  schooling  fish,  spending  most  of  its  life  within  the  coastal 
environment.  They  are  harvested  by  fishing  vessels  operating  in  concert  with 
low-flying  fish-spotter  aircraft  (Fig.  3),  captured  by  half-mile- long  fence-like 
nets  called  purse  seines  (Fig.  4),  and  carried  to  the  processing  plants  (Fig.  5) 
in  modern  transport  ships  (Fig.  6).  Menhaden  were  selected  as  the  target 
species  for  a variety  of  reasons  including:  (1)  their  surface  schooling  pelagic 

nature  which  makes  them  well  suited  to  satellite  and  aircraft  remote  sensing, 
and  (2)  they  support  an  important  commercial  fishery  actively  pursuing  advanced 
technology  to  solve  varied  problems  confronting  the  industry. 


*N0AA,  National  Marine  Fisheries  Service,  Mississippi  Test  Facility, 

Bay  St,  Louis,  MS  39520 

**N0AA,  National  Marine  Fisheries  Service,  Washington,  DoC.  20235 
fNASA,  Earth  Resources  Laboratory,  Mississippi  Test  Facility,  Bay  St,  Louis, 
MS  39520 

ttEarth  Satellite  Corporation,  1747  Pennsylvania  Avenue,  Washington,  D.C. 
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PROJECT  MANAGEMENT  RATIONALE 


The  multidiscipline  project  was  organized  along  technical  disciplines  of 
remote  sensing,  oceanography,  fisheries  biology  and  resource  utilization. 
Management  responsibilities  for  each  discipline  were  assigned  to  one  or  more 
of  the  Government  or  industry  groups  who  participated  as  co-investigatorso 
In  addition,  state,  federal  and  private  fishing  companies  provided  resources 
or  data  to  the  project.  One  of  the  most  important  results  of  this  project, 
in  the  opinion  of  the  principal  investigator,  was  a demonstration  of  the 
magnitude  of  organization,  planning,  logistical  support,  data  management  and 
technical  support  required  to  insure  the  success  of  remote  sensing  projects 
in  fisheries.  Details  of  these  facets  have  been  published  by  Stevenson  and 
Vanselous  (1973). 

DATA  ACQUISITION  SUMMARY 

Data  acquisition  activities  were  divided  into  four  discipline  groups: 
remote  sensing,  oceanography,  resource  biology  and  utilization.  Remote 
sensing  data  were  obtained  by  both  satellite  and  aircraft.  Water  color,  as 
a function  of  wavelength,  and  surface  turbidity  patterns  were  obtained  with 
the  ERTS-1  multispectral  scanner  (MSS).  Water  color,  turbidity,  sea  surface 
temperature,  surface  current  patterns,  and  limited  surface  salinity  were 
obtained  by  aircraft- supported  sensors  concurrently  with  selected  ERTS-1 
overpasses. 

Oceanographic  surface  data  were  taken  at  95  stations  in  the  Mississippi  Soxmd 
to  provide  a sampling  density  of  one  station  per  29  square  kilometers. 
Parameters  measured  included  water  color,  turbidity  (secchi  disc  transparency) 
surface  temperature,  currents,  salinity,  chlorophyll  a,  sea  state  and  water 
depth. 

Fisheries  resource  distribution  and  abundance  data  were  provided  primarily  by 
low-altitude  aerial  photography.  This  information  was  periodically  augmented 
by  nighttime,  low-altitude,  low-light -level  television  surveys  and  commercial 
fish  spotter  pilot  reports.  Data  obtained  were  school  location,  species, 
school  size  and  number. 

Utilization  or  harvest  data  were  obtained  from  three  commercial  fishing  vessels 
throughout  most  of  the  fishing  season.  Measurements  were  taken  at  the  time 
and  location  of  capture  or  attempted  capture  of  a menhaden  school.  Data 
collected  included  water  color,  turbidity  (secchi  disc  transparency),  surface 
water  temperature,  salinity,  catch  location,  species,  size  of  catch,  number  of 
catches  or  sets  made. 

The  acquisition  system  was  designed  to  obtain  similar  data  from  more  than  one 
source.  This  provided  the  necessary  redundancy  to  compare  data  obtained  by 
different  discipline  techniques. 


DATA  ANALYSIS  AND  RESULTS  SUMMARY 


Analysis  of  the  data  followed  two  distinct  avenues . Intra-discipline 
analysis  was  made  to  provide  an  internal  check  on  the  validity  of  the  information 
within  its  own  discipline.  Inter-discipline  data  analysis  was  carried  on 
concurrently  to  determine  if  correlations  existed  between  the  remotely  sensed 
environmental  data  and  the  surface  water  environment  , the  environment  and 
menhaden  distribution  and  availability,  and  finally  fish  distribution  and 
commercial  fishing  activities.  Standard  statistical,  oceanographic,  and  image 
analysis  techniques  were  used  and  have  been  reported  elsewhere  (Kennnerer  and 
Benigno,  1973;  Kemmerer  et  al. , 1974;  Weldon,  1973;  Maughan,  Marmelstein  and 
Temple,  1973). 

Results  of  the  analyses  clearly  demonstrate  the  feasibility  of  using  data  from 
satellite-supported  environmental  sensors  to  predict  fish  distribution  under 
at  least  one  set  of  conditions.  It  must  be  emphasized  that  the  results 
presented  in  this  report  should  be  considered  tentative.  Additional  tests 
are  needed  to  confirm  them  and  determine  their  applicability  for  other 
geographic  areas  and  biological  conditions. 

ERTS-1,  MSS  Band  5 imagery  contained  density  levels  which  correlated  with 
menhaden  distribution  patterns  (Fig.  7).  A portion  of  MSS  Band  5 imagery  from 
August  7,  1972,  covering  the  western  Mississippi  Sound  was  analyzed  by  super- 
imposing the  locations  of  23  photographically  detected  menhaden  schools  on  it. 
Water  imagery  densities  were  divided  into  two  density  ranges  and  color  enhanced. 
All  menhaden  schools  were  found  to  lie  in  the  less  dense  range  (Fig.  8).  These 
density  levels  were  further  shown  to  correlate  significantly  with  sea-truth 
measurements  of  secchi  disc  transparency  and  water  depth,  two  parameters  which 
also  were  shown  to  correlate  significantly  with  menhaden  distribution  along 
with  water  color  and  salinity.  Independent  tests  of  these  relationships  using 
oceanographic  and  biological  data  taken  at  or  near  sites  of  coimnercial  menhaden 
capture  corroborated  them.  A correlation  between  chlorophyll  a and  menhaden 
distribution  appears  valid,  but  could  not  be  substantiated  with  available  data. 
There  appeared  to  be  little  or  no  correlation  between  sea  surface  temperature 
and  menhaden  distribution. 

Eight  empirical  multiple  regression  models  which  predict  menhaden  distribution 
in  the  study  area  were  constructed  from  combinations  of  four  oceanographic 
parameters  (water  depth,  secchi  disc  transparency,  surface  salinity,  and  Forel-Uie 
color).  A number  of  interpretations  and  presentation  methods  can  be  applied  to 
model  products  and  one  of  them  was  applied  to  the  data  collected  on  August  7, 

1972  (Fig.  9)  to  predict  menhaden  distribution  in  Mississippi  Sound.  Model 
products  were  divided  into  three  categories:  high,  moderate  and  low  potential. 

The  interpretation  applied  to  these  categories  is  related  to  relative  probability. 
In  high  potential  areas,  the  probability  of  fish  capture  is  higher  than  in 
moderate  or  low  potential  areas.  Incomplete  commercial  fishing  reports  from 
August  7,  1972  indicate  most,  if  not  all,  fishing  occurred  in  the  high  potential 
areas.  The  importance  of  the  models  is  not  that  they  are  an  end  in  themselves, 
but  that  they  demonstrate  a potential  means  or  direction  through  which  remotely 
sensed  oceanographic  information  can  be  used  to  provide  menhaden  distribution 
information  on  a real  time  basis. 


1319 


POTENTIAL  APPLICATIONS 


Potential  applications  of  the  results  from  this  study  cannot  be  completely 
identified  in  this  report;  however,  three  areas  are  recognized:  commercial 

fishing,  resource  assessment  and  environmental  monitoring.  Utilizing  linear 
models  to  predict  water  transparency  directly  from  ERIS-1,  MSS,  Band  5 digital 
data  as  an  input  to  the  menhaden  distribution  prediction  models,  the  Identification 
of  good  fishing  areas  for  commercial  operations  may  be  possible.  When  one 
considers  that  menhaden  are  distributed  over  roughly  a 12,000-square-nautical- 
mile  area  in  the  Gulf  of  Mexico,  the  importance  of  being  able  to  sort  out  those 
areas  which  have  a high  probability  of  successful  fishing  should  be  obvious. 

Another  potential  use  of  the  menhaden  distribution  prediction  models  appears 
to  be  as  an  aid  to  developing  efficient  sampling  designs  for  resource  assessment 
purposes.  Seldom  is  it  practicable  to  sample  100  percent  of  an  area  because 
of  time  and  budgetary  constraints.  Instead,  sampling  designs  often  are  predicated 
on  a priori  knowledge  about  the  resource  such  that  most  of  the  sampling  can  be 
done  in  areas  where  most  of  the  fish  are  expected  to  be.  For  example,  usually 
only  about  20  percent  of  the  Mississippi  Sound  had  "high  potential"  ratings  for 
menhaden  during  the  study  period.  If  one  were  reasonably  cautious  and  decided 
to  expend  5 times  as  much  sampling  effort  per  unit  area  in  "high  potential" 
areas  as  in  "moderate"  and  "low"  areas,  a decrease  of  up  to  64  percent  in  total 
survey  coverage  could  be  realized  based  upon  model  predictions.  The  breakdown 
in  sampling  effort  admittedly  is  arbitrary  and  would  change  depending  on  how 
well  the  models,  perform  and  whether  or  not  their  predictive  capability  can  be 
improved  upon  through  additional  data  inputs. 

We  have  shown  that  relationships  exist  between  certain  oceanographic  parameters 
and  the  distribution  o^  menhaden,  and  that  these  relationships  may  have 
potential  application  for  commercial  fishing  and  resource  assessment.  Conventional 
methods  of  obtaining  these  measurements  synoptical ly  over  an  area  the  size  of 
Mississippi  Sound  (1000  square  miles),  however,  are  prohibitive.  For  these 
measurements  to  satisfy  the  needs  of  the  prediction  models,  they  have  to  be 
obtained  within  a 2-hour  time  period  and,  because  of  the  spatial  dynamics  of 
Mississippi  Sound,  are  needed  on  a 1/2-mile  grid  basis  to  accurately  describe 
conditions  within  the  Sound.  To  estimate  the  nimber  of  boats  required  to 
obtain  these  data  by  conventional  methods  several  simplifying  assumptions  were 
made;  (1)  the  Sound  is  rectangular  10  mi.  x 100  mi.;  (2)  typical  vessels  used 
to  make  measurements  of  this  type  travel  at  a speed  of  10  knots;  and  (3)  the 
time  required  on  a station  is  15  minutes.  Under  these  conditions  at  least  660 
vessels  would  be  required  to  collect  enough  raw  data  to  satisfy  the  requirements 
identified  during  the  course  of  this  study.  The  alternative  is  to  measure  the 
oceanographic  parameters  remotely  from  satellite  or  aircraft. 

The  present  state-of-the-art  in  icemote  sensing  of  water  quality  parameters,  based 
on  the  research  of  others  as  well  as  our  own, • indicates  that  the  measurement 
of  surface  water  temperature  from  aircraft  is  operational.  Methods  to  measure 
salinity,  chlorophyll  and  turbidity  remotely  from  aircraft  are  being  developed 
and  improved  upon.  Enough  work  has  been  done  to  offer  encouragement  regarding 
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the  continued  development  of  methods  to  increase  the  accuracy  and  precision  of 
these  measurements  from  aircraft  and  extend  some  or  all  of  them  to  a satellite 
sensing  capability  (See  Thomann  1973,  Atwell  1973,  and  Weldon  1973) • Although 
remote  techniques  for  measurement  of  all  oceanographic  and  biological  parameters 
of  interest  are  not  completely  developed,  the  advantages  of  a synoptic  coverage 
of  large  areas  make  remote  sensing  the  only  realistic  method  of  data  gathering 
for  fishery  models  of  the  type  developed  in  this  project.  Future  applications 
will  be  identified  by  continued  studies  of  this  type  carried  out  in  close  and 
active  participation  with  commercial  and  scientific  personnel  who  have  the 
ultimate  responsibility  to  manage  and  utilize  marine  fisheries  resources. 
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Praject:  240  test  area  in  North  Central  Gulf  of  Mexico 


Frojaat,  240  target  fish  species.  Menhaden,  (Brevoortia  patroiais)^ 
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Fig.  6.  Modem  mexsliaden  transport  ship.  Catcher  boats  with  fish  in  net  are 
along  side  to  transfer  the  fish  from  the  net  to  the  ship. 


Fig.  ?•  ERTS-1  MSS  Band  5 Image  of  western  Mississippi  Sound,  The 
inset  area  was  enlarged  for  analysis  of  fish  distribution 
and  water  density  relationships. 
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Eimpirical  regression  model  presentation  of  menhaden  occurrence 
probability  in  Mississippi  Sound.  From  Kemmerer,  Benigno* 
fiaese  and  Minkler,  1973. 
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UPDATING  COASTAL  AND  NAVIGATIONAL  CHARTS  USING  ERTS-1  DATA 

Fabian  C.  Polcyn  and  David  R.  Lyzenga,  Environmental  Research  institute  of  Michi^n 


AESTKACT 

A successful  processing  algorithm  for  extracting  water  depth,  infor- 
mation from  ERTS  data  has  been  developed.  Depth  charts  for  two  geograph- 
ical areas:  have  been  constructed  representing  different  solar  illumination 
and  water  transparency  conditions.  Absx)lute  depth  calculations  for  water 
depth  to  4.5  fathoms  have  been  demonstrated  for  the  Little  Bahama  Bank. 

Depth  Charts  also  were  constructed  using  data  in  Band  4 and  5 of  the  ERTS-1 
MSS  for  areas:  in  Lake  Michigan.  This  data  represented  a low  sun  angle, 
poor  light  transmission  in  water  conditions  and  gave  useful  results  to 
2QQ  meters.  In  both  cases,  the  ERTS  map  represented  an  update  in  shallow 
water  detail  in  comparison  with  available  navigation  charts  for  the  areas 
tested. 

Present  processing  costs  to  provide  MSS  depth  charts  are  estimated 
to  be  on  the  order  of  $1.50  per  sq.  mile.  The  updating  of  navigation 
charts  for  areas  hazardous  to  shipping  is  an  achievable  direct  application. 
The  technique  is  available  for  world  wide  use.  The  International 
Hydrographic  Office  has  called  on  countries  to  Improve  and  update  their 
navigation  charts.  One  billion  dollars  per  year  is  the  estimated  loss  by 
the  world  shipping  industry  with  several  millions  attributed  to  losses  due 
to  inaccurate  navigation  charts. 

In  the  United  States,  the  U.S,  Lake  Survey,  The  U.S.  Coast  and 
Geodetic  Survey,  NAVOCEANO  and  National  Ocean  Survey  are  agencies  that  will 
benefit  directly  from  this  capability.  Other  agencies  dealing  with  erosion 
problems,  sand  transport,  beach  gradients,  effects  of  new  harbor  construc- 
tion, storm  damages  to  near  shore  properties  and  time  changes  in  beach 
recreation  properties  will  be  beneficiaries  of  this  remote  sensing  technique. 

The  frequency  of  coverage  of  ERTS  data  should  provide  a baseline 
data  set  for  all  of  the  critical  areas.  Aircraft  multispectral  data 
collected  in  conjunction  with  satellite  coverage  could  also  be  used  to 
establish  calibration  areas  of  water  depth  for  the  satellite  map  but  they 
also  could  be  used  in  those  areas  where  higher  resolution  is  desired. 
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lOTRODUCTION 


The  Matory  of  navigation  and  shipping  ia  filled  with,  exajnples  of  ship  losses 
due  to  collisions  witk  unchartered  shoals^  or  with,  shoals  whos;e  positions  were 
known  only  approximately.  The  Xntemational  Hydrographic  Office  has  expressed 
concern  over  the  status  of  navigation  charts  around  the  world  and  has  called 
upon  the  world  cotmnunity  to  assist  in  providing  more  rellahle  chart  infonnation. 

In  a similar  fashion,  near  shore  processes  in  coastal  waters  provide  a 
dynamic  environment  for  change  aided  By  man’s  own  rearrangements  of  the 
shoreline  through  his  construction  of  harbors,  recreation  beaches,  power 
generation  plants  sites,  marinas  and  local  erosion  abaten^nt  devices.  There 
is  need  for  a monitoring  technique  with  capability  both  for  wide  area  updating 
of  charts  and  for  the  timely  assessment  of  storm  induced  changes  along  coast 
lines.  The  successful  launch  and  operation  of  ERTS-1  and  the  subsequent 
telemetry  of  multispectral  data  from  around  the  globe  covering  10,000  sq.  nm 
per  frame  every  18  days  makes  it  possible  to  conceive  of  such  a needed 
monitoring  system.  A successful  processing  algorithm  for  extracting  water 
depth,  information  from  ERTS  data  has  been  developed.  Depth  charts  for  the 
Little  Rahama  Rank  and  for  a section  of  the  Michigan-Wlsconsin  coastline  have 
been  constructed  as  test  cases,  using  band  4 and  band  5 of  ERTS-1  multispectral 
scanner. 

RENERITS 

One  of  the  benefits  that  can  be  predicted  from  the  use  of  satellites  in  mapping 
the  oceans:  in  helping  improve  nautical  charts  where  better  location  and 

depth  information  of  shoals:  would  help  reduce  ship  casualties.  Additional 
Benefits  might  .be  in  helping  to  shorten  commercial  shipping  routes  and  increas- 
ed safety.  The  reduction  in  commercial  s:hlp  casualties  would  reduce  losses 
of  life,  cargo,  and  property.  An  estimate  of  the  average  losses  for  the 
XJ.S.  is  given  in  Table  I shWing  it  running  over  $90  million  per  year.  On  a 
world  wide  basis,  the  TJ,S,  shipping  is  about  10%  of  the  total  for  commercial 
ships-  of  IQQ  or  more  gross  tonnage  so  that  about  1 billion  dollars  is  the 
estimated  world  loss.  The  number  of  vessels  involved  and  the  primary  cause 
of  the  U.8.  ship  casualties  are  given  in  Table  II  CR^ference  1.)  At  least 
one  loss  category  is  directly  attributed  to  Inaccurate  depth  information.  It 
is  possible  that  other  loss  categories  might  be  indirectly  reduced  with  better 
navigation  charts.  This  might  arise  by  reducing  calculated  risks  or  by 
shortening  shipping  routes.  In  any  event,  the  estimated  loss  on  a world  basis 
that  mi^t  ba  reduced  is  estimated  at  a few  million  dollars  per  year. 

A similar  case  could  be  made  for  benefits  to  be  derived  in  providing  timely 
information  for  the  control  of  erosion  processes  in  the  near  shore  environments . 
Homes,  commercial  properties,  recreational  areas  built  near  shore  are  subject 
to  erosional  losses  due  to  changing  water  level  and  wave  action.  Transport  of 
sand  and  erosion  of  bluff  lines  can  be  monitered  by  remote  sensing.  Surface 
currents  can  be  mapped  by  temperature  and  turbidity  gradients.  Near  shore 
depths  can  be  mapped  by  satellites  and  aircraft  remote  sensors.  The  monitor- 
ing of  effective  ^Lorellne  erosion  control  devices  would  be  possible  on  an  area 
large  Basis  over  which  such  shore  processes:  operate. 
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EXPERIMENTAL  RESULTS 


Figures  1,  2,  3 cover  tBree  d±f|e  rent  lor  wBi'cB- pEt^lned  data  over 

the  Little  Eahama  Bank,  near  6rand  Baharoa  lialar^d*  From  tfie  coi^ariaon  of 
density'  change  in  Band  4,  those  phenomena  which-  are  trana^^^  in  chafacter  can 
he  separated  from  the  more  s^tahle  featnrear*  In  thls^  teart  site,  a numher  of 
shifting  sand  Bars  occur  and  a numBer  of  ships'  wrecRs'  have  Been  indicated  on 
the  charta*  Also  can  Be  seen  are  high  turBldity , linear  features  which  upon 
further  investigation  were  found  to  he  associated  with  the  location  of  fishing 
sites  since  the  action  of  a numBer  of  fish  produced  the  high  sand  suspension 
zones  that  stretched  for  1 to  3 miles  due  to  currents.  Figures  4 and  5 taken 
from  2QQQ  ft,  in  a light  aircraft  record  the  differences  in  character  between 
shifting  sand  shoals  and  high  turBidity  fishing  sites. 

Using  a multispectral  technique  involving  two  channels  of  information  e.g. 
bands  4 and  5 in  the  case  of  ERTS-1  (Reference  2.)  a depth  chart  for  the  Little 
Bahama  Bank  was  computed  with  depth  down  to  10  meters  displayed.  Figure  6 and 
Figure  7 show  the  comparison  between  the  available  chart  and  the  computer 
generated  ERTS-l  depth  map  for  the  area.  The  depth  code  is  given  as  follows 


Red  "A  Q-1  meters 
M 1^2  meters 
» 2-3  meters 


Blue  . 3-5  meters 

* 5-7  meters 

* 7-9  meters 


A over  9 meters 

The  technique  uses  the  different  water  penetration  characteristics  of  colors 
in  the  Blue  green  and  red  wavelengths.  For  the  ERTS-1  analysis,  green  and 
red  wavelength  were  employed.  Further  improvements  in  depth  calculations  can 
be  expected  when  Blue  wavelengths  are  available  from  satellite  sensors. 


A second  site  involving  a coastline  in  Lake  Michigan  was  used  to  demonstrate 
the  depth  mapping  capability  of  ERTS-1  is  a different  water  transparency 
situation.  Also,  a lower  sun  angle  was  involved  since  data  frame  1089-16090 
was  used.  The  solar  zenith  angle  of  60  degrees  and  the  relatively  higher 
attentuation  coefficient  for  this  area  permitted  a theoretical  maximum  depth 
of  2.77  meters.  Because  of  noise,  variations  in  detector  response,  the 
maximum  depth  that  can  be  reliably  computed  for  this  particular  circumstance 
was  2 meters.  At  higher  solar  elevations,  a greater  depth  can  be  measured. 

For  the  Bahama  example  a higher  sun  angle  and  clearer  water  permitted  depth  to 
9 meters  to  Be  measured  for  ERTS-1  frame  1079-15165. 

Figures  8 and  9 show  the  results  obtained  in  Lake  Michigan  near  Green  Bay.  Of 
particular  note  is  the  mapping  of  the  underwater  shoals  at  Fish  Island  (lower 
right)  which  were  not  seen  in  band  7 , could  likely  to  be  mistaken  for  land 
above  water  in  band  4 but  were  calculated  to  be  1.5  meters  underwater  by 
the  multispectral  ratio  technique.  (See  Figure  9)  Figure  10  shows  how  the  ratio 
values  in  band  4 and  5 were  related  to  water  depth.  On  the  depth  map  a code 
involving  2 red  symbols  for  0-1  meter  and  1-1.5  meters  and  two  blue  symbols 
for  the  range  1.5-2  metera  and  greater  than  2 meters  was  used. 

The  demonstration  of  shoreline  depth  mapping  suggests  the  application  of  this 
technique  to  the  problems  referred  to  earlier  involving  changes  in  beaches 
and  in  erosion  processes* 
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The  costs  of  processing  ERTS*^1  Jraiaes  for  depth,  inf ormatioti  hased  on  present 
analy^'S  techniques  mounted  tp  ahout  $1«5(1  per  s^.  jaile.  The  updating  of 
navigation  charts,  is  ah  achievahle  direct  application  of  ERTS-1  technology . 
Processing  programs  have  heen  developed  ^gfiich  provide  the  capahllity  to 
assign  geographical  coordinates:  to  eadh  resolutioh  element  of  ERTS  sh  that 
location  of  shoals  could  he  defined  to  within  one-half  resolution  element. 

SUMMARY 

The  successful  measurement  of  water  depth  from  satellites  and  aircraft 
(Reference  3)  suggests  that  a combined  system  for  measurement  of  haisardous 
shoals  or  for  monitoring  changing  coastlines  can  Be  devised  in  which  each 
sensor  platform  does  its  primary  function.  Large  areas  can  be  mapped  to  10 
meter  depths  by  satellite  sensors.  Aircraft  sensors  could  be  employed  where 
higher  spatial  resolution  is  required.  Ships  collecting  depth  soundings  in 
the  conventional  way  would  have  to  be  used  only  in  the  high  turbidity  areas 
where  no  bottom  reflection  is  obtained  or  for  deep  ocean  soundings. 

Sateliite  data  provides  additional  information  besides  depth  and  location. 
The  transport  phenomena  of  near  shore  processes  can  be  mapped  on  a scale 
consistent  with  the  size  of  currents  and  tidal  actions. 

Agencies  such  as  the  U.S.  Lake  Survey,  U.S.  Coast  and  Geodetic  Survey, 

U.S.  Army  Corp  of  Engineers,  State  Water  Resource  Commissions  should  benefit 
from  this  new  technology. 
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TABLE  I 


ESTIMATED  U.  S.  LOSSES  THROUGH  U.  S.  COMMERCIAL  SHIP  CASULTIES 


1966 

1967 

1968 

1969 

1970 

.1971 

Vessel 

95,139,000 

53,080,000 

63,206,000 

68,267,000. 

69,274,000 

78,961-000 

Cargo 

7,454,000 

9,801,000 

5,186,000 

10,269,000 

17,360,000 

. 6,629,000 

Property 

3,131,000 

12,262,000 

12,676,000 

7,926,000 

10,629,000 

8,911,000 

This  table  has  been  constructed  using  fiscal  year  figures  publish^  in  the 
following  issues  of  the  Proceedings  of  the  Marine  Safety  Councllt  Decettber«  1966; 
November,  1968;  December,  1969;  December,  1970;  December,  1971 • 


TABLE  II. 

NUMBER  OF  VESSELS  INVOLVED  IN  U,  S . COMMERCIAL  SHIP  CASUALTIES  — PRIMARY  CAUSES 


Primary  Cause 

1966 

1967 

1968 

1969 

1970 

1971 

Personnel  Fault 

550. 

551 

984 

1,193 

1,300 

1,325 

r 

Calculated  Risk* 

257 

386 

307 

124 

22 

10 

Restricted  Maneuvering  Room 

210 

177 

50 

32 

31 

22 

Storms-Adverse  Weather 

374 

202 

446 

253 

274 

370 

Unusal  Currents 

50 

34 

7P 

46 

57 

19 

Sheer,  Suction,  Bank  Cushion 

36 

31 

34 

*57 

3 

4 

Depth  of  Water  Less  than  Expected 

100 

63 

110 

76 

54 

50 

Failure  of  Equipment 

311 

376 

54b 

610 

510 

524 

Unseaworthy-Lack  of  Maintenance 

340 

323 

135 

133 

86 

81 

Floating  Debris-Submerged  Object 

153 

157 

97 

151 

172 

15i 

Inadequate  Tug  Assistance 

137 

105 

34 

63 

30 

14 

Fait  on  Part  of  Other  Vessel  or 

746 

947 

1,142 

1,333 

1,304 

1,435 

Person 

Unknown- Insuf f ic ion t Information 

29 

23 

62 

112 

220 

147 

TOTAL 

3,293 

3,030 

4,0001 

4,183 

4,063 

4.152 

The  source  of  the  figures  is  the  same  as  for  Table  IIX-1,  ' 

*Before  1969,  'Error  in  Judgment-Calculated  Risk',  rather  than  just  'Calculate. Risk'. 
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Figure  4 Photograph  of  sand  bars 
near  Walker  Cays  Little  Bahama 
Banks  Nov*  1973,  2000.  ft*  altitude 
Appxo^mat e S cale  1 ; 2500 
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CHANNEL  1-14 

n<ms  10  POINTS  ON  LOG-LOG  PLOT,  SHOWING 

LINEAR  CORRELATION  BETWEEN  LOG(Vi  - Vsi)  AND 
L0G(V2  - Vs2>.  and  DECISION  BOUNDARIES  FOR  DEPTH 


Paper  M 5 


SEDIMENT  CONCENTRATION  MAPPING  IN  TIDAL  ESTUARIES 

A.  N.  Williamsdn  and  W.  E.  Grabau,  Environmental  Systsms  Division,  Mobility  and  Environmental 
Systems  Laboratory,  U,S.  Army  Engineer  Waterways  Experiment  Station,  P.O.  Box  631, 
Vicksburg,  Misrissippi  39180 

ABSTRACT 


An  analytical  procedure  has  been  developed  that  considers  the  ERTS-l 
multispectral  scanner  as  a reflectance  spectrophoineter.  ADP  techniques 
requiring  only  very  liioited  coii5>uter  capability  are  utilized  to  search  the 
data  defining  the  spectral  reflectance  characteristics  of  a scene  on  a 
pixel-by-pixel  basis,  identify  each  pixel  whose  spectral  reflectance 
matches  a reference  spectrum,  and  generate  maps  that  identify  pixel  loca- 
tions where  spectrtim  matches  occur  and  identify  the  spectrum  that  was 
matched.  If  the  reference  spectra  are  known  to  represent  a specific  condi- 
tion on  the  ground,  a map  of  the  distribution  of  that  condition  can  be  out- 
put as  a dimensionally  accurate  overlay  to  maps  of  any  selected  scale. 

Two  applications  are  described  in  this  report:  (1)  mapping  the  distribution 

of  water  masses  esdiibiting  specific  suspended  sediment  concentrations;  and 
(2)  determining  the  location  and  delineation  of  surface  water  bodies  in  the 
southeastern  U.  S. 

The  techniques  described  in  this  paper  are  currently  being  successfully 
txsed  in  connection  with  D.  S.  Army  Corps  of  Engineers’  projects  to  map  the 
land  area  inundated  by  the  1973  spring  flood  in  the  Lower  Mississippi  River 
Valley,  map  sediment  distributions  in  Lake  Pontchar train  (in  Louisiana)  as 
a result  of  opening  the  Bonnet  Carre  Floodway  during  the  spring  flood,  and 
inventory  lakes  and  reservoirs  in  the  states  of  North  Carolina,  South  Carolina, 
Georgia,  Florida,  Alabama,  Iowa,  Lomsiana,  West  Virginia,  and  Kansas  in 
connection  with  the  National  Bam  Safety  Program. 


INTRODUCTION 

Technical  Objectives  and  Long-Range  Goals 

A long-range  goal  of  the  Corps  of  Engineers  (and  a number  of  other 
agencies)  is  to  develop  the  capability  of  predicting  the  dispersal  of  water 
constituents  (i.e. , sediments,  nutrients,  pollutants,,  salinity,  etc.)  in 
estuaries.  If  such  predictive  capabilities  were  available,  it  might  even- 
tually lead  to  methods  of  predicting,  and  managing,  the  biological  popu^ 
lations  in  the  estuary  and  related  waters. 

Attempts  to  develop  estuarine  dynamics  models  has  clearly  demon- 
strated that  it  will  be  necessary  to  monitor  the  movements  of  the  various 
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water  masses  (i.e. , the  discharges  of  the  various  rivers  as  well  as  In-- 
flowing  marine  waters)  througlr  the  system  In  order  to  validate  the  models* 
Ideally,  this  In^lies  a set  of  synoptic  records  of  conditions  within  the 
estuary  and  related  waters  oyer  some  period  of  time*  While  this  kind  of 
record  is  effectively  impossible  to  obtain  with  conventional  methods,  the 
ERTS-1  offered  the  possibility  of  a practical  method,  provided  that  the 
ERTS  multispectral  scanner  could  be  used  to  achieve  two  specific  capa- 
bilities. These  two  capabilities  can  be  stated  as  research  objectives, 
as  follows : 

a.  To  determine  the  feasibility  of  using  ERTS-1  digital  data  for 
mapping  the  planimetrie  distributions  of  suspended  sediment  concentrations 
in  estuarine  waters ; and 

b.  To  determine  whether  different  sediment  types  could  be  differ- 
entiated, by  exploiting  their  differences  in  spectral  reflectance. 

Conceptual  Plan 

In  considering  the  nature  of  the  problem,  it  seemed  obvious  that 
the  methods  iised  to  identify  types  of  sediments,  and  to  map  the  distribu- 
tions of  their  respective  concentrations,  would  have  to  be  coH5>letely 
objective.  That  is,  no  determination  should  be  based  on  subjective 
interpretation,  because  prior  esqperlence  with  remote  sensing  systems  had 
clearly  demonstrated  that  it  was  impossible  to  define  recognition  criteria 
in  such  a way  that  the  criteria  were  used  by  all  interpreters  in  the  same 
way. 

The  requirement  for  objective  procedures  dictated  that  the  entire 
interpretive  process  be  based  on  mathematical  manipulation  of  the  digital 
data  recorded  on  computer  compatible  tapes  (CCTs).  The  research  plan 
Tidiich  was  actually  followed  is  presented  in  fig.  1 in  diagrammatic  form. 

In  the  context  of  this  plan,  the  multispectral  scanner  (MSS)  aboard 
ERTS-1  can  be  thought  of  as  a reflection  spectrophotometer  that  senses 
and  records  the  spectral  reflectance  and/or  emittance  of  a scene  on  a 
pixel-by-pixel  basis.  In  our  terminology,  a pixel  (or  picture  element) 
is  the  area  over  which  radiant  power  is  integrated  and  measured.  As 
illustrated  in  fig.  2,  each  pixel  on  the  ground  is  represented  by  a 
corresponding  pixel  in  each  of  the  spectral  bands  of  the  MSS.  By  placing 
the  values  for  a pixel  in  each  spectral  band  into  juxtaposition,  as 
shown  in  fig.  2,  a crude  reflectance  spectrum  for  the  corresponding  area 
on  the  gromd  can  be  defined. 

It  is  worth  noting  at  this  point  that  the  spectrum,  as  recorded 
by  the  i^KS,  is  Indeed  crude.  As  an  example  the  "real"  ref  lectance 
spectrum  illustrated  at  the  top  left  of  fig.  2 is  generalized  by  the 
ERTS-1  MSS  into  the  "histogram**  shown  at  the  top  right  of  fig.  2.  The 
radiant  energy  in  each  band  is  then  converted  into  a voltage  by  the 
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sensing  element,  and  that  voltage  is  then  recorded  in  digital  form, 
as  illustrated  in  the  bottom  right  of  fig.  2.  This  generalization  has 
important  implications  with  respect  to  analytical  interpretiye  processes. 

The  analytical  concept  ^dulch  was  finally  used  was  based  on  the 
premise  that  a given  material  on  the  surface  would  always  yield  the 
same  reflection  spectrum,  es  seen  from  satellite  altitude,  provided 
that  certain  conditions  were  met.  These  conditions  are  as  follows : 

a.  The  constituents  of  the  material  were  constants  For  ex- 
ample, if  the  material  is  a soil,  the  conditions  would  not  be  met  if 
the  soil  moisture  content  changed. 

b.  Hie  surface  expression  of  the  material  was  the  same.  For 
example,  if  the  material  was  water,  it  would  not  be  e2?pected  to  look 
the  same  under  substantially  different  wave  conditions. 

c.  The  reflectance  geometry  must  be  similar.  For  example, 

it  would  be  expected  that  a significant  change  in  sun  angle  would  affect 
the  reflectance  spectrum. 

d.  Hie  atmospheric  composition  was  the  samB,  Significant 
changes  of  absorb tion  and  scattering  occur  as  a result  of  changes  in 
aerosol  content  Of  the  atmosphere,  and  thus  a change  in  type  or  density 
of  haze  woulci  change  the  spectral  composition  of  radiation  reaching  the 
satellite. 

If  the  above  conditions  could  be  met,  then  it  follows  that  the 
spectral  data,  as  sensed  by  the  satellite,  could  be  correlated  directly 
with  conditions  on  the  surface,  with  the  implication  that  identical 
spectral  records  obtained  by  tp.e  satellite  would  imply  idehtical  condi- 
tions on  the  surface.  For  the  purposes  of  this  report,  this  n^ans  that 
a specific  type  and  concentration  of  suspended  sediment  would  be  re- 
presented by  the  same  spectriam  throughout  any  one  EB.TS-1  scene,  since 
all  four  of  the  conditions  specified  above  (with  the  possible  exception 
of  condition  fc)  would  be  met.  Conditiph  b,  identity  of  surface  ex- 
pression, might  not  be  met,  since  it  would  be  all  too  likely  that  wave 
conditions  would  vary  somewhat  even  within  the  same  estuary.  As  a 
result,  it  should  pot  be  expected  that  exact  spectriam  matches  would  in 
fact  occur.  However,  if  acceptable  limits  of  variation  could  be  estab^ 
lished,  it  would  be  a Simple  matter  to  convert  the  reflectance  spectra 
as  measured  by ' the  satellite  into  concentration  of  suspended,  sediment 
on  a plxel-by-pixel  basis  throughout  an  EHTS  scene.  The  result  would  be 
a map  6f  the  diStfibutipn  of  suspended  sediments,  by  concentration 
classes,  produced  by  a completely  automated  process.  * 

There  are  serious  inadequacies  in  this  procedure.  By  far  the 
most  important  of  these  is  that  it  provides  little  if  any  predictive 
capability.  That  is,  the  correlations  used  ip  map  sediment  concentrations 
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the  scene  obtained  on  the  next  orbital  pass,  because  all  four  of  the 
conditions  previously  specified  may  be  differeiit.  That  is,  the  type  of 
sediment  may  be  somewhat  different,  the  sea  state  may  be  different,  the 
stm  angle  may  be  different,  and  the  atmospheric  composition  may  be 
different.  In  viewr  of  the  number  of  possible  variables,  it  is  unlikely 
that  the  same  correlations  will  be  valid  for  any  extended  period. 

A far  more  definitive  plan  which,  if  success  ful>  would  have 
resulted  in  significant  predictive  capability,  was  abandoned  early  be- 
cause of  rapidly  mounting  costs.  This  plan  is  presented  in  diagrammatic 
form  in  fig.  3.  Had  we  been  able  to  follow  this  plan,  the  product  would 
have  been  a capability  for  predicting  the  spectral  compositiGn  of  various 
sediment  concentrations,  as  seen  by  the  ERTS-1,  for  any  set  of  atmospheric 
and  sea  state  conditions.  With  that  as  a basis,  the  ERTS-1  digital  data 
could  then  have  been  used  to  map  sediment  concentrations  without  the 
necessity  for  the  elaborate  ground  control  required  by  the  existing 
procedure. 


DATA  COLLECTION  AND  ANALYSIS 

Selection  of  Study  Areas 

In  order  to  keep  the  scope  within  reasonable  limits,  a very  limited 
number  of  test  areas  within  the  Chesapeake  Bay  region  was  chosen.  The 
Chesapeake  itself  was  chosen  primarily  because  State,  local,  and  Federal 
agencies  are  intensely  concerned  over  the  health  of  the  Bay.  Eventually 
four  river  estuaries  and  the  Chesapeake  and  Delaware  Canal,  as  indicated 
in  fig.  4,  were  chosen  as  test  areas.  The  selection  criteria  were  as 
follows : 

a.  Each  river  drainage  basin  should  exhibit  an  array  of  soil 
types  tinlike  any  other  in  the  set;  or 

b.  Each  river  should  incorporate  a unique  source  of  industrial 

waste. 

In  detail,  the  specific  reasons  were  as  follows: 

a.  Area  1:  York  estuary.  Ttie  drainage  basin  includes  large 

sections  of  the  Piedmont  and  the  coastal  plain,  but  does  not  extend  to 
the  slopes  of  the  Blue  Ridge.  Further,  there  is  a major  industrial 
complex  at  West  Point. 

b.  Area  2:  Rappahannock  estuary.  The  drainage  basin  includes 

the  eastern  slopes  of  the  Blue  Ridge,  the  entire  width  of  the  Piedmont, 
and  only  a narrow  slice  of  the  coastal  plain. 

c.  Area  3:  Wicomico  estuary.  The  drainage  basin  includes  a 

portion  of  the  south  central  Delmarva  Peninsula,  which  has  soils  closely 
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resembling  those  in  the  Choptank  drainage  basin,  but  there  Is  a major 
food-processing  Industrial  complex  at  Salisbury* 

d.  Area  4:  Choptank  estuary.  The  drainage  basin  Includes 

much  of  the  north  and  central  Delmarva  Peninsula,  without  any  large 
sources  of  industrial  effluents* 

e.  Area  5:  Chesapeake  and  Delaware  Canal.  This  area  was 

chosen  primarily  for  twa  reasons*  First,  to  determine  whether  the  ex- 
change of  water  between  the  Chesapeake  and  Delaware  Bays  via  the  canal 
would  be  detected;  and  second,  to  determine  whether  a feature  as  narrow 
as  the  canal  would  yield  valid  spectral  reflectance  data*  Theory 
suggested  that  features  at  least  three  pixels  wide  might  be  required, 
because  atmospheric  scattering  would  ” contaminate”  the  pixels  at  the 
edge  of  a water  surface* 

It  was  hoped  that  the  suspended  sediments  and/or  industrial  wastes 
in  the  four  river  sites  would  differ  enoug^L  to  produce  four  distinctive 
spectral  reflectance  "signatures*” 

Computer  Considerations 

It  seemed  tons,  in  considering  the  problems  involved  in  automatic 
interpretation,  that  not  everyone  vdio  wanted  to  play  the  game  would  have 
access  to  a giant  computer.  Accordingly,  it  was  decided  that  the  anal- 
ytical procedures  would  be  designed  to  fit  on  as  small  a computer  as 
possible.  As  a result,  all  processes  described  in  this  report  were 
achieved  with  PDF- 15  computer  with  16K  of  core  memory  and  two  disc  storage 
units . 

Ground  Control  Data 

One  of  the  primary  reqxiiren^nts  was  to  establish  the  spectral  reflec- 
tance characteristics  of  the  various  water  bodies  at,  or  close  to,  the 
time  of  a selected  ERTS  overpass,  and  to  collect  water  quality  data  at 
those  times  and  places,  to  serve  as  a basis  for  correlation.  Ground 
control  data  collection  stations  were  selected  in  the  York,  Rappahannock, 
Wicomico,  and  Qioptank  Rivers  and  the  Chesapeake  and  Delaware  (C&D) 

Canal*  ERTS-1  overpasses  were  supported  by  collection  of  groimd  truth 
data  at  72  stations  on  10  October  and  63  stations  on  28  October.  As 
weather  conditions  precluded  collection  of  data  on  the  Choptank  River 
on  28  October,  data  were  collected  at  11  stations  on  the  Choptank  on 
29  October.  Where  local  conditions  permitted,  the  following  parameters 
were  measured:  suspended  material  concentration,  water  temperature, 

conductivity,  turbidity,  dissolved  oxygen,  current  velocity /direction, 
spectral  transmittance,  secchi  depth,  and  pH.  A typical  sampling  pattern 
is  illustrated  in  fig.  4a* 
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A data  collection  platform  ®GP)  connected  to  a water  quality  analyzer 
for  monitoring  temperature,  conductivity,  pH,  and  dissolved  oxygen  and  a 
multichannel  recorder  connected  to  sensors  for  monitoring  water  temperature, 
wind  speed  and  direction,  rainfall,  and  incident  and  reflected  solar  radia- 
tion were  used  to  collect  data  at  one  station  in  the  Choptank  River  and 
one  in  the  Rappahannock. 

It  had  originally  been  intended  to  take  spectral  reflectance  data  at 
each  ground  control  site  using  an  instrument  specifically  designed  to 
measure  radiant  energy  through  the  same  four  windows  used  by  the  ERTS-1 
(fig.  5).  Thus,  excluding  the  effects  of  the  optical  path  through  the 
atmosphere,  and  assuming  that  the  area  contained  in  the  field  of  view  of 
the  ground  control  instrument  is  the  same  as  that  of  the  ERTS-1  the  ground 
control  reflectance  spectra  should  be  the  same  as  the  spectra  measured  by 
the  satellite.  Unfortunately,  we  were  not  able  to  get  delivery  of  the 
special  instrimient  until  after  the  conclusion  of  the  field  program.  We 
attempted  to  obtain  both  down-welling  and  reflected  radiation  data  by 
using  a bread-board  consisting  of  eight  broad-band  radiometers,  four 
pointed  upward  and  four  downward.  They  were  filtered  to  accept  radiation 
in  approximately  the  four  ERTS  bands . It  proved  to  be  in5)ractical  to  keep 
the  system  in  calibration,  and  that,  along  with  serious  filter  problems, 
resulted  in  very  patchy  and  unreliable  data.  As  a result,  no  near-surface 
spectral  data  were  used  in  the  analyses. 

Reference  Reflectance  Spectra 

The  location  on  the  surface  of  a single  pixel  cannot  be  fixed  with 
absolute  accuracy.  The  possible  accumulated  errors  from  all  causes  adds 
up  to  about  300  m.  However,  in  most  cases  the  errors  partially  compensate 
for  each  other,  so  that  the  average  error  is  somewhat  less  than  100  m. 

The  practical  effect  of  this  is  that  a sediment  concentration  sample  can- 
not positively  be  identified  as  coming  from  within  a single  pixel;  the 
best  that  can  be  done  is  to  argue  that  it  probably  comes  from  one  of  a 
possible  matrix  of  about  nine  pixels,  as  illustrated  in  fig.  6. 

Eortunately,  the  areas  of  distinctive  water  masses  in  the  Chesapeake 
estuaries  are  quite  large,  so  that  an  examination  of  the  reflectance 
spectra  of  the  nine  pixels  in  the  ’’potential  error  matrix”  shows  then 
to  be  closely  similar.  Exceptions  occur,  of  course,  when  the  sample  point 
happens  to  be  close  to  the  edge  of  a sediment  ’’cloud.”  Our  procedure  was 
to  select  the  spectrtim  of  that  pixel  which  most  closely  resembled  its 
neighbors  as  the  reference  spectrum.  That  is,  if  seven  of  the  nine  spectra 
closely  resembled  each  other,  \dtile  two  did  not,  the  spectrum  which  was 
assumed  to  represent  the  sample  point  was  taken  to  be  one  of  the  seven. 
Since  virtually  all  of  the  energy  in  Band  four  (0. 8-1.1  pm)  was  absorbed 
by  the  water,  the  selection  was  based  entirely  on  the  records  of  Bands  1, 

2,  and  3. 
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Since  it  was  originally  intended  to  model  the  energy  exchange  pro- 
cesses through  the  entire  system,  as  descrlhed  in  fig*  3,  there  were 
some  real  advantages  to  be  gained  by  converting  the  ERTS-1  CCT  data  into 
radiance  values.  The  original  concept  had  been  to  match  the  actual 
radiance  spectrum  of  a water  body,  measured  near  the  ground,  with  the 
radiance  spectrum  of  that  body  as  recorded  by  the  ERTS-1  MSS.  Then,  if 
it  could  be  demonstrated  that  reflectance  spectra,  as  measured  near  the 
groxmd,  correlated  with  type  and  amount  of  suspended  sediment,  it  should 
be  possible  to  convert  a reflectance  spectrxjm  as  measured  by  the  ERTS-1 
into  concentration  of  suspended  sediment.  This  scheme,  however,  requires 
that  the  near-ground  spectra  be  "corrected"  for  the  effect  of  the  atmos- 
phere. As  is  well  known,  a bundle  of  energy  starting  at  the  bottom  of 
the  atmosphere  does  not  emerge  unscathed  at  the  top.  Certain  wavelength 
components  are  absorbed,  and  others  are  scattered  in  various  ways  in 
varying  degrees.  Furthermore,  those  effects  are  by  no  means  constant; 
they  may  change  on  very  short  notice  as  a function  of  atmospheric  compo- 
sition. The  amounts  of  particulates,  both  solids  and  liquids,  suspended 
in  the  atmosphere  are  of  particular  importance. 

This  problem  is  of  considerable  military  as  well  as  civilian  interest, 
and  as  a result  there  are  a number  of  models  that  predict  the  effects  of 
atmospheric  conditions  on  electromagnetic  radiation.  One  of  the  best  that 
is  available  Jor  use  was  written  by  McGlatchey  et  al  at  Air  Force  Cambridge 
Research  Lab. 

This  scheme  foundered  on  our  inability  to  obtain  reliable  near-ground 
spectral  data.  As  a result,  we  fell  back  to  a mudi  less  satisfying  pro- 
cedure, but  one  which  still  looked  forward  to  a coupling  between  satellite 
and  ground  observations,  when  and  if  ground  observations  become  available. 
The  scheme  included  back-calculating  from  the  NASA  tape  values  to  obtain 
predictions  of  near-ground  radiance  spectra.  This  was  done  by  using  NASA- 
provided  data  on  gain  settings,  and  atmospheric  transmittance  values  ob- 
tained by  manipulating  the  AFCRL  atmosphere  effects  model,  in  the  equation 
shown  in  fig.  7.  In  theory,  the  product  of  this  equation  is  the  spectrum 
that  would  be  read  by  a near-ground  radiometer.  All  subsequent  manipula- 
tions of  spectral  data  were  made  on  the  basis  of  radiance  values  obtained 
in  this  way. 

When  all  of  the  ground  control  data  points  (i.e.,  measures  of  sus- 
pended sediments  as  obtained  from  samples  of  the  water)  were  plotted 
against  the  reference  spectra  as  selected  according  to  the  procedure 
previously  described,  the  result  is  as  illiast rated  in  fig.  8.  The  center 


^cClatchey,  R.  A.,  Fenn,  R.  W. , Selby,  J.  E.  A.,  Votz,  F.  E. , and 
Caring,  J.  S. , "Optical  Properties  of  the  Atmosphere,"  ^CRL  Report 
71-0279,  U,  S.  Air  Force  Cambridge  Research  Laboratories,  Bedford, 
Massachusetts,  May  1971. 
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of  the  three  lines  on  the  graphs  is  the  calculated  regression  line.  The 
two  dashed  lines  labelled  ’‘error  band”  haye  nothing  to  do  with  the  standard 
deviation  of  the  regression  line;  instead,  the  lines  define  the  Ijipits  of 
potential  error  introduced  by  instrumental  variation  in  the  ER.TS  MSS/ 

Those  errors  are  approximately  + 2 percent  of  full  scale.  With  this  in 
mind,  a ’’perfect”  correlation  would  be  one  in  which  all  of  the  sariple 
points  fell  inside  the  error  band. 

Given  the  correlations  between  sediment  concentration  and  speetral 
composition  as  indicated  by  the  Rappahannock  data,  it  is  possible  to 
establish  reference  spectra.  These  cannot,  of  course,  be  sinqjly  a list 
of  three  radiance  values,  one  for  eadi  band  for  each  suspended  sediment 
concentration;  instead,  they  must  be  ranges  of  values,  and  a certain 
amount  of  what  might  be  called  ’’engineering  judgement”  had  to  be  invoked 
in  order  to  arrive  at  them.  The  result  of  this  largely  subjective  process, 
as  applied  to  the  Rappahannock  data,  is  illustrated  in  fig.  9. 

It  should  be  noted  that  the  spectral  ’’signatures”  of  the  suspended 
materials  in  the  various  estuaries  are  not  as  distinct  as  had  been  hoped. 

For  example,  if  the  correlation  bands  for  the  York  and  Rappahannock  rivers 
are  placed  on  top  of  each  other,  as  in  fig.  9a,  the  bands  at  lower  end  of 
the  suspended  material  concentration  scale  (i.e. , below  about  15  mg/1) 
overlap  so  eompletely  that  discrimination  between  sediment  types  is  clearly 
impractical.  However,  at  concentrations  between  15  mg/1  and  25  mg/1, 

Band  3 provides  some  measure  of  discrimination,  and  at  concentrations 
above  about  25  mg/1,  both  bands  2 and  3 separate,  and  thus  provide 
discrimination.  Thus,  while  the  dis criioinatory  powers  of  the  spectral 
signatures  are  far  from  absolute  or  ideal,  they  still  permit  identifications 
over  a part  of  the  range  of  interest. 

Tape  Processing  Procedures 

The  input  to  any  digital  computer  must  be  a set  of  digital  data. 

In  the  case  under  discussion,  the  initial  data  store  consists  of  a set 
of  magnetic  tape  furnished  by  NASA.  As  everyone  knows,  the  NASA  tapes 
are  formatted  in  such  a way  that  all  four  MSS  bands  are  mixed  on  one 
tape.  In  order  to  perform  any  significant  processing,  and  still  stay 
inside  the  core  memory  constraints  of  our  computer,  it  was  necessary 
to  rewrite  the  tapes  such  that  one  tape  contained  all  data  for  one  spectral- 
band,  with  the  pixels  following  each  other  in  sequence  (fig.  10).  It 
is,  of  course,  not  as  simple  as  fig.  10  indicates,  but  the  diagram  conveys 
the  general  idea. 

There  was  one  more  basic  complexity  which  had  to  be  resolved.  ERTS-1 
computer  compatible  tapes  are  received  with  ’’radiance”  values  for  bands  1, 

2,  and  3 recorded  in  a ’’decompressed”  mode.  (Values  for  band  4 are  re- 
corded in  so-called  ’’linear”  or  "compressed”  mode.)  What  this  means  is 
that  the  numbers  on  the  CCT’S  vary  between  0 and  124  for  bands  1 and  3, 
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and  between  0 and  122  for  band  2.  Band  4 numbers  can  be  used  dlreGtly* 

To  obtain  "trxie"  radiance  values,  the  CCT  numbers  must  be  conVertexi  into 
values  on  a scale  ranging  from  0 to  63.  Unfortxmately,  the  conversion  is 
nonlinear  (fig.  11) , vrith  complex  curves , so  that  the  transform  can  only 
be  achieved  with  tables  provided  by  NASA*  Early  instructions  for  achiev- 
ing this  transformation  were  a hit  confusing;  later  information  has  clarified 
the  situation  so  that  it  is  no  longer  a problem* 

With  this  correction  made,  each  pixel  value  is,  1^  effect,  scaled  to 
a number  between  0 and  63  Gdilch  can  be  thought  of,  sor^what  inaccurately, 
as  representing  a grey  level  on  film),  and  recorded  on  the  WES  format  as  a 
12-bit  word.  In  this  manner,  the  six  most  significant  hits  In  each  irord 
are  allowed  to  remain  free  for  further  use  (fig.  12) . 


As  has  already  been  noted.  Band  4 (the  near-infrared  band,  O.S-l.lpm) 
values  measured  over  water  bodies  are  very  low,  normally  less  than  0.20  w/ 
cm  -SR.  As  indicated  in  fig.  13,  the  "water"  values  contras  ted  sharply 
with  those  measured  over  land.  Band  4 therefore  provided  a convenient  way 
to  digitally  mask  or  identify  values  corresponding  to  land  areas  in  Bands  1, 
2,  and  3 data,  where  land/water  separations  were  not  always  clearly  defined. 
The  general  procedure  is  illustrated  in  fig.  13.  The  Band  4 data  were 
scanned  pixel  by  pi^el,  and  in  every  case  in  which  the  radiance  value  was 
less  than  0.2  mw/cm  -SR,  a binary  "1"  was  placed  in  the  first  bit  position 
of  the  12-bit  word  containing  the  pixel  value  (see  fig.  12).  This  iden- 
tified every  "water"  pixel  in  the  data  array. 


The  Band  1,  2,  and  3 tapes  were  then  processed  tising  the  Band  4 mask 
to  edit  out  all  "land"  pixels,  leaving  a data  file  consisting  of  new.  tapes 
on  which  were  stored  only  "water"  pixels.  The  purpose  of  this  exercise 
was  to  save  computer  time  by  reducing  the  number  of  pixels  that  had  to  be 
processed.  A line  printer  output  of  a portion  of  one  of  the  edited  tapes 
is  shown  in  fig.  14;  the  blank  area  in  the  lower  left  is  ^reys  Point  on 
the  Rappahannock.  The  numbers  are  radiance  values  (nw/cm  -SR  x 0.01). 


Spectrum  Matching 

With  radiance  values  of  all  four  bands  available  on  a pixel-by-pixel 
basis,  it  is  now  possible  to  define  the  radiance  spectrum  of  each  pixel. 
For  example,  fig.  15  illustrates  the  radiance  spectrum  of  the  pixel  out- 
lined in  the  upper  left  comer.  Fig.  15  is  a portion  of  a printout  of 
Band  1;  there  is  of  course  a similar  printout  for  Bands  2,  3,  and  4. 
Putting  the  radiance  valties  for  the  indicated  pixel  in  juxtaposition 
results  in  a radiance  spectrum,  as  llliistrated  by  the  bar  graph  insert 
in  the  middle  of  the  figure.  In  actual  fact,  of  course,  the  numbers 
defining  the  spectral  composition  of  each  pixel  are  not  printed  out, 
except  for  the  production  of  illustrative  material,  as  in  this  case. 
Instead',  they  are  consolidated  in  a data  file  on  a disc,  with  a foarmat 
that  contains  the  xy  position  of  each  pixel,  and  the  radiance  values 
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of  Bands  1,  2,  and  3,  Band  4 radiance  values  are  not  normally  stored, 
since  they  are  always  effectively  zero. 

The  next  step  Is  to  classify  eadi  pijcel  in  the  data  file  in  terms 
of  the  reference  spectra.  The  computer  program  compares  the  radiance 
yaltie  of  each  band  for  each  pixel  and  detei^nes  whi^ch  cl^^  falls 

Into.  In  effect,  the  result  is  a matrix,  as  Illustrated 
For  example,  the  radiance  value  for  Band  ^1  in  the  example  is  1-14,  and 
this  fits  into  class  1;  the  value  in  Baud  2 is  0.39  ^ which  fits  into 
class  1.  However,  the  value  for  Band  3 is  0.20,  #iieh  fits  into  both 
classes  1 and  2,  as  shown  in  the  matrixi  The  pixel  is  said  to  be  classi- 
fied when  there  is  a fit  (i.e.  , an  "X"  in  the  matrix)  in  all  three  bands 
in  any  one  class.  When  this  condition  is  met,  the  program  assigns  a 
map  symbol  and  a class  value  to  that  pixel.  Upon  the  completion  of  the 
pixel-by-pixel  comparison,  there  is  in  effect  a new  data  file  containing 
the  location  class  number  and  map  symbol  of  each  pixel.  If  a pixel 
spectrum  does  not  fit  any  of  the  reference  spectra,  that  pixel  is  defined 
as  unclassified,  which  is  in  effect  a fifth  category. 

OUTPUT  PkODUCTS 

This  file  can  then  be  used  to  print  out  a map  of  the 
of  suspended  sediment  classes,  as  illustrated  in  fig.  17. 
the  zeros,  (which  represent  "no  classification”)  and  note 
most  commonly  near  the  shores.  Hiere  may  be  at  least  two 

a.  Shallow  water,  So  that  reflectance  from  the  bottom  is  con- 
taminating the  reflectance  from  the  water. 

b.  Small-scale  sedin^nt  clouds  may  be  occuring  in  the  near-shore 
zone  as  a result  of  shore- line  erosion. 

The  basic  data  file  can  also  be  used  as  input  to  a film-writer,  which 
can  construct  a photomap  showing  sediment  concentration  classes  as  shades 
of  grey.  In  this  procedure,  an  optical  density  is  assigned  to  each  sediment 
concentration  class.  In  this  case,  the  valiaes  listed  id  fig.  18  were  used. 
The  result  is  illustrated  in  fig.  19.  Note  that  in  this  one  only  three 
classes  of  sediment  concentrations  were  used. 

One  thing  that  should  perhaps  be  mentioned  is  that  the  photomap  in 
fig.  19  fits  precisely  on  a 1:250,000  Defense  Mapping  Agency  Series  V502 
map.  This  may  not  strike  a responsive  chord,  but  achieving  near-perfect 
registry  with  digital  data  is  not  a trivial  task.  There  are  two  classes 
of  problems. 

a.  There  are  a number  of  distortions  in  the  MSS  tapes . They 
arise  because  of  slight  inaccuracies  in  satellite  attitude  controls,  earth 


distribution 
Note  especially 
that  they  occur 
reasons  for  this: 
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rotation  during  the  scanning  period,  uncertainties  about  precise  orbital 
path,  and  many  others.  These  must  all  be  removed  before  an  image  deriyed 
from  the  MSS  tapes  can  be  brought  into  registry  with  a map. 

b.  Ihe  ERTS-1  MSS  does  not  record  a square  pixel;  instead,  the 
pixel  is  approximately  57.2  m wide  in  the  east^est  direction  and  79.1  m 
long  in  the  north-south  direction.  Ihe  ratio  of  width  to  length  is 
approximately  1 to  1.4.  The  difficulty  is  that  the  standard  film  writer 
(such  as  our  Optronics  machine)  *Vrites”  with  a perfectly  square  pixel. 
The  result  is  that  it  is  impossible  to  write  a dimensionally  accurate 
image  directly  from  a NASA  tape  with  a standard  film  writer.  We  were 
able  to  achieve  near-perfect  registry  by  subdividing  what  we  now  call 
the  "NASA  pixel,"  with  its  dimensions  of  57.2  by  79.1  m,  into  35  "WES 
pixels,"  each  having  a dimension  of  11. 84  by  11.84  m.  To  compensate 
for  the  error  which  accumulates  in  the  north-south  direction  C3.78  m 
per  row  of  NASA  pixels) , a false  line  of  WES  pixels  is  inserted  at 
specified  intervals . The  result  is,  for  example,  a transparent  overlay 
that  fits  very  closely  over  a base  map,  so  that  the  map-overlay  combina- 
tion can  be  used  directly  for  position  location  and  the  like. 

SPIN:-OFF  PRODUCTS 


The  near-total  absorption  of  the  near-infrared  energy  by  water  has 
proven  to  be  a highly  useful  characteristic . In  theory,  this  character- 
istic should  permit  the  identification  of  any  open  water  surface  having 
an  area  greater  than  that  of  one  ERTS-1  pixel  (about  4,525  m ).  In  practice, 
because  there  is  a low  probability  that  a pixel  will  fall  directly  over  a 
small  wa^er  surface,  the  water  surface  must  have  an  area  in  excess  of  about 
27,000  m^  before  it  is  detected  with  reasonable  certainty . This  characteristic 
has  been  exploited  in  support  of  the  National  Dam  Safety  Program.  The 
problem  revolves  around  the  fact  that  there  are  tens  of  thousands  of 
small  reservoirs  in  the  United  States,  and  that  the  locations  of  many  of 
them  are  not  a matter  of  public  record.  Thus,  a quick  and  reasonably 
reliable  method  had  to  be  found  for  locating  all  (or  at  least  nearly  all) 
such  reservoirs. 

In  support  of  this  program,  the  WES  used  the  water  surface  masking 
technique,  which  is  a variation  of  standard  dens i ty-s licing  procedures , 
using  the  Band  4 digital  data.  The  masking  out  of  land  areas , as  pre- 
viously described,  is  used  to  generate  a tape  that  identifies  all  "water" 
pixels,  as  illustrated  in  fig.  13.  At  the  same  time,  the  data  are 
corrected  for  positional  errors;  that  is,  the  positions  of  the  pixels 
are  adjusted  so  that  an  image  produced  from  the  tape  will  be  rectified 
as  fully  as  possible.  An  image  of  the  waterbodies  is  then  printed  out 
with  an  Optronics  image^riter,  which  results  in  a transparent  film-base 
overlay  (fig.  20)  , which  can  be  pho t o gr aphi cal ly  enlarged  to  some  con- 
venient scale,  such  at  1:250,000. 
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There  are  two  diffictilties  at  this  points  First,  tl^  rectification 
is  rarely  perfect,  and  second,  the  image  projection  is  not  the  same  as 
the  map  projection^  ^Jhile  the  errors  in  position  location  of  a single 
pixel  introduced  by  these  characteristics  are  only  on  the  order  of  2000  m 
at  a maxinwm,  that  error  is  still  too  la.rge  if  one  Is  On  the  ground 
driving  along  a country  road  looking  for  a^one-^pixel  reservoir , Ttia  next 
step  is  therefore  to  locate  the  comer  coordinates  of  the  image  G>r  the 
pixel  array)  Bv  fitting  water  bodies  on  the  overlay  to  water  bodies  on 
the  reference  map.  This  subjective  process  takes  onl^  a few:  minutes  ^ 

Then,  with  the  latitudes  and  longitudes  of  the  comer  points  of  each 
strip  known,  the  tapes  are  then  rectified  to  the  map  projection,  and  a 
new  tape  is  written.  Ihis  tape  is  then  used  to  print  a second-generation 
overlay,  which  matches  the  map  quite  closely.  Fitted  to  AfjB"  1;  250, 000 
maps,  the  maximtim  positional  errors  are  about  300  m. 

m addition  to  the  map  overlays,  the  field  agencies  are  provided  with 
an  inventory  listing  (fig.  21).  This  list  identifies  every  discrete^^^ to 
body  by  latitude  and  longitude,  and  accompanies  that  identtfication  with 
an  estimate  of  surface  area^  These  two  data  sets  are  made  possible  by  a 
computer  program  that  we  call  the  '‘contiguity  routine.”  It  must  be  re- 
called that  the  computer  has  only  16,000  words  of  core  memory,  with  two 
disc  attachments.  The  contiguity  routine  places  the  first  scan  line  in 
memory,  ^ere  it  may  be  thought  of  as  a line  of  zeros  and  ones,  as  in 
fig.  22.  Each  individual  "water”  pixel  is  placed  in  a separate  file  on 
a disc,  so  that  in  the  example,  pixel  1-3,  (line  1,  pixel  nximber  3)  is  in 
one  file,  pixel  1-7  is  in  another  file,  and  so  on.  Scan  line  2 is  then 
placed  in  memory,  and  a search  routine  is  then  initiated.  All  pixels 
occupied  by  zeros  are  passed  over,  since  they  represent  land*  However, 
the  discovery  of  a 1 in  pixel  2-6  initiates  a search  routine: 


Step 

Question 

Response 

Action 

1 

Is 

pixel  1-5  a 1 

No 

Go  to  step  2 

2 

Is 

pixel  1-6  a 1 

No 

Go  to  step  3 

3 

Is 

pixel  1-7  a 1 

Yes 

Place  pixel  : 

the  same  file  as 
pixel  1-7;  go  to 
pixel  2-7  and 
resun^  search 

Thie  effect  of  this  routine  is  to  assemble  a separate  file  for  each  group 
of  pixels  that  meet  the  contiguity  criteria:  pixels  are  contiguous  if 

they  occupy  diagonal  positions  or  adjacent  positions. 

Upon  completion  of  the  search  of  scan  line  2,  scan  line  1 is  dropped 
from  memory  and  scan  line  3 is  placed  in  memory  Cfig.  23.)  The  search 
routine  will  detect  the  fact  that  the  files  holding  pixels  2-6  and  2—10 
are  connected  by  a line  of  contiguous  pixels  in  line  3.  Wien  this  occurs  , 
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the  two  files  are  consolidated  in  ^ new  file  on  the  disc.  After  all  scan 
lines  have  been  searched^  the  disc  contains  a separate  file  for  each,  water 
surface,  and  the  number  of  entries  is  equiyalent  to  the  nuEjher  of  pijcels, 
which,  in  turn  can  be  used  to  calculate  an  appra^dijate  surface  area.  This 
process  requires  1-2  hrs  of  coipputer  ti^  per  ER,TS  scene  depending  tipon 
the  numher  of  water  surfaces  in  the  scene. 

The  latitude  and  longitude  which,  appears  on  the  inventory-  list  is  the 
position  of  the  pixel  at  the  i^idpoint  of  the  longest  line  of  pixels  in  the 
file,  representing  the  water  body^  (fig-  241. 

This  same  density-slicing  routine,  again  using  Band  4,  was  also  used 
to  provide  the  Corps  of  Engineers  with  a transparent  overlay  of  inundated 
areas  along  the  Lower  Mississippi  and  its  tributaries  during  the  1973 
flood  (fig.  25).  These  overlays  are  invaluable  in  r^atters  relating  to 
damage  evaluation,  estimation  of  floodplain  storage,  and  the  like. 


SUMMAEY 

The  analytical  procedure  considers  a multispectral  remote  sensor  as  a 
reflectance  spectrophotometer.  ADP  techniques  requiring  only  very  limited 
computer  capability  are  utilized  to  search  the  data  defining  the  spectral 
reflectance  characteristics  of  a scene  on  a pixel-by^pixel  basis,  identify 
each  pixel  whose  spectral  reflectance  matches  a reference  spectrum,  and 
generate  maps  that  identify  pixel  locations  where  spectrum  matches  occur 
and  identify  the  spectrum  that  was  matched.  If  the  reference  spectra  are 
known  to  represent  a specific  condition  on  the  ground,  a map  of  the  distri- 
bution of  that  condition  can  be  output  as  a dimensionally  accurate  overlay 
to  maps  of  any  selected  scale.  Two  applications  are  described  in  this 
report:  (1)  the  distribution  of  water  masses  exhibiting  specific  suspended 

sediment  concentrations  in  four  estuaries  around  Chesapeake  Bay;  and  (2) 
the  location  and  delineation  of  surface  water  bodies  in  the  Southeastern  U.  S. 
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RADIANCE 


ACTUAL  SPECTRAL  SENSOR  INTERPRETATION 

COMPOSITION  OF  LIGHT  OF  LIGHT  REACHING  IT 

REACHING  SENSOR 


Fig.  2.  Data  recording  sequence  in  satellite  sensor  system 


SELECT  GROUND  CONTROL  _J  MAP  GROUND  CONTROL  DATA  COLLECTED 
DATA  COLLECTION  SITES  Pi  WIRING  ERTS  OVERPASS: 
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— — — . — — , IN  TERMS  OF  SEDIMENT  . CLASSES  OF  SEDIMENT 

MASK  OUT  ALL  "LAND"  PIXELS  CONCENTRATION  ' ^ CONCENTRATION 

FROM  DIGITAL  RECORD  BY  ' — ' — - 

DENSITY  SLICING  ON  BAND  4 
DATA 
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X • Mj 
63  - Tj 


WHERE:  H = radiance  in  mw/cm*-SR 
X = value  from  computer 
compatible  tape  (CCT) 
Mj  = gain  setting  (from  NASA) 
Ti  = atmospheric  transmittance 
(from  AFCRL  model) 


M|  = 

2.48 

T,  = 

0.69 

M2  = 

2.00 

Ta  “ 

0.75 

Ms  = 

1.76 

T3  = 

0.68 

M4  = 

4.60 

T4  = 

0.76 

Fig.  7.  Conversion  of  CCT  values  to  radiance  values 
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A Dl  ANG  E (mw/cm*  - SR ) 


(mw/cm^-SR) 


BASIC  NASA  FORMAT 


WES  RE-FORMAT 


TAPE  I = BAND  I 
TAPE  2 = • BAND  2 
TAPE  3 = BAND  3 
TAPE  4=  BAND  4 


Fig.  10.  Conversion  of  HA.SA  format  to  WES  format 


MSS  BANDS  1 AND  3 


Fig.  11. 


Conversion  of  CCT  radiance  values  to  "true"  radiance  values 
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MSS  CCT  ’^RADIANCE"  VALUES 


6 BITS  LEFT  6 BITS  USED  TO 

"EMPTY"  FOR  RECORD  RADIANCE 

FURTHER  USE  VALUE 


Fig.  12.  Iniltal  utilization  of  12-hi,t  word 
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Fig.  13.  Water  pixels  vs.  land  pixels 
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Fig.  15.  Assembly  of  radiance  spectra 
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Fig,  21.  Sample  printout  of  inventory  of  surface  water  bodies 
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Fig.  22.  The  contiguity  rule 
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Fig,  23,  File  consolidation 


LATITUDE  AND  LONGITUDE  OF  WATER  BODY 
SPECIFIED  BY  LOCATION  OF  "CENTROID"  PIXEL 


Fig.  24.  Selection  of  "centroid"  pixel 


138S 


386 


Fig.  25.  Satapla  overlay  of  flood  in  Lower  |lississippi  River  Valley 
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MONITORING  COASTAL  WATER  PROPERTIES  AND  CURRENT  CIRCULATION 
WITH  ERTS-^1 

V.  Klemas,  M.  Otley,  C.  Wethe,  University  of  Deiaware,  Newark,  Deiaware,  and  R.  Rogers,  Bendix 
Aerospace  Systems  DMdon,  Ann  Arbor,  Michigan 


ABSTRACT 

Imagery  and  digital  tapes  from  nine  successful  ERTS-l 
passes  over  Delaware  Bay  during  different  portions  of  the 
tidal  cycle  have  been  analyzed  with  special  emphasis 
on  turbidity,  current  circulation,  waste  disposal  plumes 
and  convergent  boundaries  between  different  water  masses, 
ERTS-l  image  radiance  correlated  well  with  Secchi  depth 
and  suspended  sediment  concentration.  Circulation  pat- 
terns observed  by  ERTS-l  during  different  parts  of  the 
tidal  cycle,  agreed  well  with  predicted  and  measured 
currents  throughout  Delaware  Bay,  Convergent  shear 
boundaries  between  different  water  masses  were  observed 
from  ERTS-l,  In  several  ERTS-l  frames,  waste  disposal 
plumes  have  been  detected  36  miles  off  Delaware’s 
Atlantic  coast.  The  ERTS-l  results  are  being  used  to 
extend  and  verify  hydrodynamic  models  of  the  bay, 
developed  for  predicting  oil  slick  movement  and  estimating 
sediment  transport. 


INTRODUCTION 

Imagery  and  digital  tapes  from  nine  successful  ERTS-l  passes  over  Del- 
aware Bay  during  different  portions  of  the  tidal  cycle  have  been  analyzed 
with  special  emphasis  on  turbidity,  current  circulation,  waste  disposal 
plumes  and  convergent  boundaries  between  different  water  masses.  (NASA- 
ERTS-1  I.D.  Nos.  1024-15073,  1079-51533,  1133-15141,  1187-15140,  1205- 
15141,  1294-15083,  1349-15134,  1385-15131,  1403-15125,  respectively). 
During  ERTS-l  overpasses  ground  truth  has  been  collected  for  a total 
of  twelve  boat  and  helicopter  transsects  across  the  bay,  including 
measurements  of  Secchi  depth,  suspended  sediment  concentration  and 
size,  transmissivity,  temperature,  salinity,  and  water  color.  Three 
U-2  and  four  C-130  overflights  took  place  during  the  same  time  period. 
Small  aircraft  equipped  with  clusters  of  filtered  film  cameras  were 
used  to  underfly  each  ERTS-l  overpass. 


PHYSICAL  CHARACTERISTICS  OF  DELAWARE  BAY 

The  Delaware  Bay  Estuary  is  a relatively  prominent  coastal  feature  \diich 
bounds  the  Delmarva  Peninsula  on  its  northern  side.  The  geography  of 
this  region,  including  the  locations  of  several  convenient  reference 
points,  is  shown  in  Fig,  1.  Trenton,  New  Jersey  is  generally  taken 
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to  define  the  upper  limit  of  the  estuary,  so  that  its  total  length  is 
over  130  miles. 

Fresh  water  input  to  the  system  is  derived  mainly  from  the  Delaware 
River  at  an  average  rate  of  11,300  cfs  which,  in  terms  of  voltnne  flow, 
ranks  this  as  one  of  the  major  tributaries  on  the  eastern  coastal 
plain.  Together  with  this  large  volume  of  fresh  water,,  the  river  also 
discharges  a heavy  load  of  suspended  and  dissolved  material,  since 
its  effective  watershed  encompasses  an  area  typified  by  intensive  land 
use,  both  agricultural  and  industiral  (Oostdam,  1971).  Seaward  of  the 
Smyrna  River,  the.  bay  undergoes  a conspicuous  exponential  increase  in 
both  width  and  cross-sectional  area  so  that  the  strength  of  the  river 
flow  is  rapidly  diminished  beyond  this  point.  Ketchum  (1952)  has 
computed  the  flushing  time  of  the  bay  (defined  in  this  case  as  the 
time  required  to  replace  the  total  fresh  water  volume  of  the  bay)  to 
be  roughly  100  days.  Seasonal  variations  in  river  flow  cause  this 
figure  to  fluctuate  within  a range  of  from  60  to  120  days.  Conseq^ntly, 
river  flow  is  not  a significant  factor  in  deteimining  the  current  pat- 
tern in  the  bay  except  in  the  consideration  of  time-averaged  flow. 

In  terms  of  short-period  studies  it  is  mainly  important  as  a source 
of  suspended  sediment  and  contaminants. 

The  seaward  boundary  of  the  bay  extends  from  Cape  May  southeast  to  Cape 
Henlopen  — a distance  of  eleven  miles.  Tidal  flow  across  this  bound- 
ary profoundly  affects  the  dynamic  and  hydrographic  features  of  the 
entire  estuary.  The  effect  is  especially  pronounced  toward  the  mouth 
where  conditions  are  generally  well  mixed,  'The  dynamic  behavior  of  the 
tides  is  closely  approximated  by  the  cooscillating  model  described  by 
Harleman  (1966).  In  this  model,  the  upper  end  of  the  estuary  is  assumed 
to  act  as  an  efficient  reflecting  boundary.  Consequently,  the  actual 
tidal  elevation  at  any  given  point  is  a result  of  the  interaction  of  both 
a landward  directed  wave  entering  from  the  ocean  and  a reflected  wave 
traveling  back  down  the  estuary.  The  tidal  range  is  a maximum  at  the 
reflecting  boundary  and  decreases  toward  the  mouth  in  a manner  dependent 
upon  the  relative  phase  of  the  two  components.  Observations  of  the 
tide  at  Trenton  show  a 7-foot  range  compared  to  a 4-foot  range  at  the 
mouth,  A relative  maximum  appears  at  roughly  the  location  of  Egg 
Island  Point  where  the  phase  relationship  is  temporarily  optimal.  An 
important  consequence  of  this  behavior  is  the  occurrence  of  strong 
reversing  tidal  currents  in  the  Delaware  River.  The  tidal  wavelength 
as  computed  by  Harleman,  is  205  miles,  so  that  both  peak  currents  and 
slack  water  may  occur  simultaneously  at  either  end  of  the  bay. 

The  tidal  flow  is  also  modified  by  the  bay^s  rather  complex  bathymetry 
(Fig.  1).  Most  prominent  are  several  deep  finger-like  channels  which 
extend  from  the  mouth  into  the  bay  for  varying  distances  (Kraft,  1971). 
Depths  of  up  to  30  meters  are  present,  making  this  one  of  the  deepest 
natural  embayments  on  the  east  coast.  The  channels  alternate  with 
narrow  shoals  in  a pattern  which  is  shifted  noticeably  toward  the 
southern  shore.  On  the  northern  side,  a broad,  shallow  mudflat  extends 
from  Cape  May  to  Egg  Island  Point.  Considerable  transverse  tidal 
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shears  result  from  these  radical  variations  in  bottom  contours.  As 
a consequence,  a marked  gradient  structure  may  form  normal  to  the  main 
axis  of  the  bay  as  a function  of  tidal  phase.  Ihis  intrinsic  tm>- 
dimensional  character,  together  with  the  complex,  superimposed  time 
variations,  represents  an  almost  insurmountable  task  when  it  is  con- 
fronted with  the  tools  of  conventional  hydrographic  surveys.  The  pro- 
blem is  ready-made,  however,  for  the  techniques  of  high-altitude  photo- 
graphy. 


VISIBILITY  OF  SUSPENDED  SEDIMENTS 

Extensive  investigations  of  suspended  sediments  in  Delaware  Bay  and 
laser  transmission  tests  in  a test  tank  facility  have  been  conducted 
respectively  by  (Oostdam,  1970,  and  Hickman,  1972).  The  results  can 
be  stimmarized  as  follows: 

suspended  sediments  in  Delaware  Bay  averaged  30  ppm.  During 
July-August  the  average  sediment  level  was  18  ppm. 

turbidity  increased  with  depth  in  the  water  column,  except 
during  periods  of  bloom,  when  surface  turbidities  at  times 
exceeded  those  at  greater  depths. 

suspended  sediment  concentration  gradients  were  greater  during 
ebb  than  during  flood  because  of  greater  turbulence  and  better 
mixing  during  flood  stage. 

the  turbidity  decreased  from  winter  to  summer. 

marked  increases  in  turbidity  which  were  observed  during  May 
and  September  were  caused  mainly  by  plankton  blooms; 

suspended  sediments  were  silt-clay  sized  particles  with  mean 
diameters  around  1.5  microns. 

the  predominant  clay  minerals  are  chlorite,  illite  and  kaolinite. 

reflectivities  for  the  Delaware  Bay  sediments  were  measured  to  be 
about  10%. 

At  the  time  of  the  ERTS-1  overpasses,  Secchi  depth  readings  ranged 
from  about  0,2  meters  near  the  shore  up  to  about  2 meters  in  the  deep 
channel.  Preliminary* ”equi valent  Secchi  depth"  measurements  with  green 
and  red  boards  indicated  that  neijther  "color"  exceeded  the  readings 
obtained  with  the  vdiite  Secchi  disc.  Therefore /it  is  quite  unlikely 
that  the  bottom  will  be  visible  in  any  of  the  ERTS-1  channels  and,  at 
least  in  Delaware  Bay,  most  of  the  visible  features  will  be  caused  by 
light  reflected  off  the  surface  or  backscattered  from  suspended 
matter. 
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”Red”  filters,  such  as  the  Kodak  Wratten  No.  25A,  have  frequently 
been  used  In  aerial  photography  to  enchance  suspended  sediment  patterns 
(Klemas  et  al. , 1973,  Bq^er  et  al. , 1973)  . In  Delaware  Bay  red  filters 
have  been  particularly  effective  for  discriminating  light-brown  sediment- 
laden water  in  shallow  areas  from  the  less  turbid  dark- green  water  in 
the  deep  channel. 

Figures  2 and  3 contain  microdensitometer  scans  between  Cape  Henlopen  and 
Cape  May  at  the  mouth  of  the  bay.  ERTS-1  images  taken  in  bands  4,  5,  and 
6 were  scanned,  and  grey  scales  equalized,  to  enable  comparison  on  the 
same  set  of  coordinate  axes.  Band  5 is  clearly  most  sensitive  to 
suspended  sediment  features.  Even  in  band  5,  however,  the  sedimentj 
patterns  are  caused  by  only  four  to  five  neighboring  shades  of . grey  in 
the  negative  transparencies  and  about  tmce  that  number  in  the  digital 
tapes. 


CORRELATION  WITH  MEASURED  WATER  PROPERTIES 

During  ERTS-1  overpasses  ground  truth  was  being  collected  with  boats 
and  helicopters  along  the  fihree  transsects  across  the  bay  shown  in 
Figure  4,  including  measurements  of  Secchi  depth,  suspended  sediment 
concentration,  transmissivity,  temperature,  salinity,  and  water  color. 
The  correlation  between  ERTS-1  MSS  band  5 image  radiance,  Secchi  depth 
and  sediment  concentration  is  shown  tentatively  in  Figure  5.  These 
measurements,  including  salinity  and  temperature  shown  in  Figure  6, 
were  obtained  during  the  ERTS-1  overpass  on  January  26,  1973.  Note  the 
sharp  discontinuities  in  salinity  and  temperature  near  aquatic  bound- 
aries . 

During  flood  tide  at  the  mouth  of  the  bay,  considerable  correlation 
was  found  between  the  depth  profile  and  image  radiance,  as  shown  in 
Figure  7.  During  flood  tide  most  of  the  sediment  in  suspension  seems 
to  be  locally  generated  over  shoals  and  shallow  areas  of  the  bay  re- 
sulting in  a higher  degree  of  backseat ter  from  shallower  waters. 


CURRENT  CIRCULATION  PATTERNS 

Since  suspended  sediment  acts  as  a natural  tracer,  it  is  possible  to 
study  gross  circulation  in  the  surface  layers  of  the  bay  by  employing 
ERTS-1  imagery  and  predicted  tide  and  flow  conditions.  Adjanent  to 
ERTS-1  pictures.  Figures  8,  9,  10,  11,  and  12  contain  tidal  current 
maps  for  Delaware  Bay,  Each  ERTS-1  picture  is  matched  to  the  nearest 
predicted  tidal  current  map  within  4*  30  minutes.  A closer  match  was 
not  attempted  at  this  point,  since  quantitative  comparison  would  require 
comprehensive  current  measurements  over  the  entire  bay  at  the  time  of 
each  satellite  overpass  --  a feat  not  attainable  with  limited  resources. 
The  current  charts  indicate  the  hourly  directions  by  arrows,  and  the 
velocities  of  the  tidal  currents  in  knots.  The  Coast  and  Geodetic 
Survey  made  observations  of  the  current  from  the  surface  to  .a  maximum 
depth  of  20  feet  in  compiling  these  charts. 
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The  satellite  picture  in  Figure  8 was  taken  two  hours  after  maxiimim 
flood  at  the  entrance  of  Delaware  Bay  on  October  10,  1972,  *die  sediment 
pattern  seems  to  follow  fairly  well  with  the  predicted  current  direc- 
tions, A strong  sediment  concentration  is  visible  above  the  shoals 
near  Cape  May  and  in  the  shallow  nearshore  water  of  the  bay.  Peak 
flood  velocity  is  occurring  in  the  upper  portion  of  the  bay,  delineating 
sharp  shear  boundaries  along  the  edges  of  the  deep  channel.  At  the 
time  of  this  ERTS-1  picture,  the  wind  velocity  was  7 to  12  miles  per 
hour  from  the  north. 

Figure  9 represents  tidal  conditions  two  hours  before  maximum  flood 
at  the  mouth  of  the  bay  observed  by  ERTS-1  on  January  26,  1973.  High 
water  slick  is  occurring  in  the  upper  portion  of  the  bay,  res€ilting 
in  less  pronounced  boundaries  there  as  compared  to  Figure  8.  The 
shelf  tidal  water  is  not  rushing  along  the  deep  channel  upstream  any- 
more as  in  Figure  8,  but  is  caught  between  incipient  ebb  flow  coming 
down  the  upper  protion  of  the  river  and  the  last  phase  of  flood  currents 
still  entering  the  bay.  The  sediment  plume  directions  in  Figure  9 seem 
to  show  flood  water  overflowing  the  deep  channel  and  spreading  across 
the  shallow  areas  towards  the  shore.  On  the  tm^rning  of  December  3,  1972, 
there  was  a steady  wind  blowing  over  the  bay  at  7 to  9 miles  per  hour 
from  the  west. 

About  six  months  later,  on  July  7,  1973,  the  ERTS-1  overpass  shown  in 
Figure  10  occurred  during  the  same  part  of  the  tidal  cycle  as  that  shown 
in  Figure  9.  Since  river  flow  differs  in: the  winter  and  summer.  Figures 
9 and  10  enable  one  to  compare  the  effect  of  river  flow  and  wind  effects 
with  identical  tidal  conditions.  The  body  of  water  having  a higher 
radiance  seen  about  20  miles  offshore  in  Figure  10  has  not  yet  been 
explained. 

As  shown  in  Figure  11,  on  August  12,  1973,  ERTS-1  passed  over  Delaware 
Bay  one  hour  before  maximum  ebb  at  the  mouth  of  the  bay.  In  addition 
to  locally  suspended  sediment  over  shallow  areas  and  shoals  observed 
in  Figures  8 and  9,  plumes  of  finer  particles  are  seen  in  Figure  11 
parallel  to  the  river  flow  and  exiting  from  streams  and  inlets  off 
New  Jersey’s  and  Delaware’s  coastlines;  Shear  boundaries  along  the 
deep  channel  are  still  visible  in  the  upper  portion  of  the  bay;  however, 
they  are  beginning  to  disappear  as  slack  sets  in,  resembling  conditions 
in  Figure  9.  At  the  time  of  the  overpass,  the  wind  was  from  the  north- 
northeast  at  about  11  miles  per  hour,  possible  causing  the  streaks  in 
the  ocean  off  New  Jersey’s  coastline. 

The  satellite  overpass  on  February  13,  1973  occurred  about  one  hour 
after  maximum  ebb  at  the  capes.  Hie  corresponding  ERTS-1  image  and 
predicted  tidal  currents  are  shown  in  Figure  12,  Strong  sediment 
transport  out  of  the  bay  in  the  upper  portion  of  the  water  column  is 
clearly  visible,  with  some  of  the  plimies  extending  up  to  20  miles 
out  of  the  bay.  Small  sediment  plumes  along  New  Jersey’s  coast  clearly 
indicate  that  the  direction  of  the  longshore  current  drift  in  that  area 
is  towards  the  north.  The  wind  velocity  at  the  time  of  the  satellite 
overpass  was  about  7 to  9 miles  per  hour  from  the  north-northwest. 
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SHEAR  BOUNDARIES  AND  SALINITY  WEDGES 


Boxindaries  or  fronts  (regions  of  high  horizontal  density  gradient  with 
associated  horizontal  convergence)  are  a major  hydrographic  feature  in 
Delaware  Bay  and  in  other  estuaries*  Fronts  in  Delaware  Bay  have  been 
investigated  using  STD  sections,  dye  drops  and  aerial  photography. 
Horizontal  salinity  gradients  of  4%  in  one  meter  and  convergence  velocities 
of  the  order  of  O.lm/sec.  have  been  observed.  Several  varieties  of 
fronts  have  been  seen.  Those  near  the  mouth  of  the  bay  are  associated 
with  the  tidal  intrusion  of  shelf  water  (Figure  12).  The  formation  of 
fronts  in  the  interior  of  the  bay  (Figure  8)  appears  to  be  associated 
with  velocity  shears  induced  by  differences  in  bottom  topography  with 
horizontal  density  difference  across  the  front  influenced  by  vertical 
density  difference  in  the  deep  water  portion  of  the  estuary.  Surface 
slicks  and  foam  collected  at  frontal  convergence  zones  near  boundaries 
contained  concentrations  of  Cr,  Gu,  Fe,  Hg,  Fb,  and  Zn  higher  by  two 
to  four  orders  of  magnitude  than  concentrations  in  mean  ocean  water. 
(Szekieldaj  Kupferman,  Klemas,  Polls,  1972),  Figure  14,  (Band  5,  I.D. 

Nos.  1024-15073)  obtained  by  ERTS-1  on  August  16,  1972  contains  several 
distinct  boundaries.  The  soujhern-most  botmdary,  as  shown  in  Figure  15 
is  of  particular  interest,  since  it  has  frequently  been  observed  from 
aircraft  (Figure  16)  and  at  the  time  of  the  ERTS-1  overpass.  Divers 
operating  down  to  depths  of  6 meters  noted  increases  in  Msibility 
from  about  half  a meter  to  two  meters  as  the  boundary  moved  past  their 
position. 


WASTE  DISPOSAL  PLUMES 

Careful  examination  of  Figures  17  and  18  disclosed  a fish-hook- shaped 
pltcne  about  40  miles  east  of  Cape  Henlopen  caused  by  a barge  disposing 
acid  wastes.  The  pltime  shows  up  more  strongly  in  the  green  band  than  in 
the  red  band.  Since  some  acids  have  a strong  green  component  during 
dumping  and  turn  slowly  more  brownish-reddish  with  age,  the  ratio  of 
radiance  signatures  between  the  green  and  red  bands  may  give  an  indication 
of  how  long  before  the  satellite  overpass  the  acid  was  dtmiped.  Currently 
acid  dumps  are  being  coordinated  with  ERTS-1  overpasses  in  order  to 
determine  the  diffusion  and  movement  of  the  waste  materials  along  the 
continental  shelf. 


IMAGE  enchancements  AND  DIGITAL  MAPS 

Color  density  slicing  and  optical  additive  color  viewing  techniques 
were  employed  to  enhance  the  suspended  sediment  patterns.  Grey  tone 
variations  were  "sliced”  into  increments  and  different  colors  assigned 
to  each  increment  by  using  the  Spatial  Data  Datacolor  703  System  at 
NASA*s  Goddard  Space  Flight  Center,  Color  density  slicing  helped 
delineate  the  suspended  sediment  patterns  more  clearly  and  differentiate 
turbidity  levels.  Density  slicing  of  all  four  MSS  bands  gave  an  indication 
of  relative  sediment  concentration  as  a function  of  depth,  since  the  four 
bands  penetrate  to  different  depths  ranging  from  several  meters  to  several 
centimeters,  respectively. 
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Additive  color  composites  of  bands  4 and  5 were  prepared  by  Photo- Science, 
Inc.  using  the  photographic  process  silver-dye  bleaching.  Hiis  process 
bleaches  out  spectral  separations  of  each  MSS  band  to  produce  the  color 
composite.  The  additive  color  rendition  is  then  reproduced  on  Cibachrome 
CCT  color  transparencies.  Comparison  of  the  composite  with  the  equiv- 
alent band  5 image  in  Figure  8 indicates  that  the  composite  does  not 
contain  more  suspended  sediment  detail  than  the  individual  band  5 
image.  For  similar  reasons,  composites  prepared  with  the  International 
Imaging  Systems  Mini-Addco  Additive  Color  Viewer,  Model  6030  did? not 
improve  contrast  beyond  what  was  attainable  in  band  5 directly. 

ERTS-1  digital  tapes  are  currently  being  used  by  Bendix  Aerospace 
Systems  Division  to  prepare  annotated  sediment  concentration  maps  of 
the  bay.  Ground  truth  from  at  least  one  transsect  is  used  to  annotate 
the  maps. 


CONCLUSIONS 

ERTS-1  image  radiance  (microdensitometer  traces)  correlated  well!. with 
Secchi  depth  and  suspended  sediment  concentration.  While  only  four 
concentration  levels  were  extracted  from  transparencies,  up  to  twice 
that  number  were  obtained  on  sediment  concentration  plots  derived  from 
the  MSS  tapes  directly.  MSS  baniS  seemed  to  give  the  best  representation 
of  sediment  load  in  the  upper  one  meter  of  the  water  column.  Color 
density  slicing  helped  delineate  the  suspended  sediment  patterns  more 
clearly  and  differentiate  turbidity  levels.  Density  slicing  of  all  four 
MSS  bands  gave  an  indication  of  relative  sediment  concentration  as  a 
function  of  depth,  since  the  four  bands  penetrate  to  different  depths 
ranging  from  several  meters  to  several  centimeters,  respectively. 

Circulation  patterns  observed  by  ERTS-1  during  different  parts  of  the 
tidal  cycle,  agreed  well  with  predicted  and  measured  currents  throughout 
Delaware  Bay.  During  flood  tide  the  suspended  sediment  as  visible  from 
ERTS-1  correlated  well  with  the  depth  profile.  ERTS-1  imagery  is  now 
being  used  to  extend  and  verify  a predictive  model  for  oil  slick  move- 
ment in  Delaware  Bay. 

Convergent  shear  boundaries  between  different  water  masses  were  observed 
from  ERTS-1,  with  foam  lines  containing  high  conGentrations  of  lead, 
mercury  and  other  toxic  substances.  Several  varieties  of  fronts  have 
been  seen.  Those  near  the  mouth  of  the  bay  are  associated  with  the 
tidal  intrusion  of  shelf  water.  Fronts  in  the  interior  of  the  bay  on  the 
Delaware  side  appear  to  be  associated  with  velocity  shears  induced  by 
differences  in  bottom  topography.  In  several  ERTS-1  frames,  waste  dis- 
posal plumes  have  been  detected  40  miles  off  Delaware's  Atlantic  coast. 

Applications  of  these  results  to  relevant  problem  areas  are  listed 
in  Table  1. 
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SECCHI  DEPTH 


Figure  6,  Temperature,  salinity  Secchi  depth  >and  bottcwn 
profiles  across  the  upper  transsect  of  the  bay  during  ERTS-1 
overpass  on  January  26,  1973. 
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DEPTH  IN  FEET 


Figure  7*  ERTS-1  image  radiance  (microdensitometer  trace) 
and  depth  profile  across  the  month  of  Delaware  Bay  during 
flood  tide. 


CAPE 


MICRODENSITOMETER  TRACE  FROM  CAPE  HENLOPEN.DEL  TO  CAPE  MAY,  N.JI 
ERTS-I  ID.  1024-15073  (BANDS)  aug.  26,1972 
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Figure  8.  ERTS-1  image  of  Delaware  Bay  obtained  in  MSS  band  5 
on  October  10,  1972  and  tidal  current  map.  (I.D,  No.  1079-15133.) 


TIDAL  CCRRENT  CHART 


Figure  10.  ERTS-1  image  of  Delaware  Bay  obtained  in  MSS  band  5 
on  July  7,  1973  and  tidal  current  map.  (I.D.  Nos.  1349-15134.) 
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Figure  11.  BRTS-1  image  of  Delaware  Bay  t^en  with  . 

on  August  12^  1*i73  and  tidal  current  map.  (I.  D.  Nos.  1385-15131.) 


1 

< 

OC 

z 

I 


£ 

5 


1407 


Figure  12.  ERTS-1  image  of  Delaware  Bay  obtained  in  MSS 
band  5 on  February  13,  1973  and  tidal  current  maps.  (I.D. 
Nos.  1205-15141. V 


Figure  13,  Frontal  system  caused  by  higher  salinity  shelf 
water  intruding  into  Delaware  Bay. 


Figure  16.  Aerial  photograph  from  9000  feet  altitude  of  foam- 
line at  boundary  between  two  different  water  masses  off  Delaware's 
coast. 
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Figure  14,  ERTS~1  image  of  the  mouth  of  Delaware  Bay 
showing  several  water  mass  houndaries  and  high  concentra^ 
tions  of  suspended  sediment  in  shallow  waters , (Band  5, 
August  16,  1972,  I,D.  1024-15073). 
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Figure  IS>:  Aquatic  boundaries  and  suspended  sediment  plumes  identified 
in  the  ERTS-1  image  of  August  16,  1972,  shown  in  Figure  14, 
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Figure  17,  Acid  waste  dumped  from  barge  about  40  miles 
east  of  Indian  River  Inles  appears  clearly  as  a fishhook 
shaped  plume  in  MSS  band  4 image  of  January  25,  1973. 


Figure  18,  Due  to  its  predominantly  greenish  component,  the 
aMd  plume  shows  less  contrast  in  band  5^ 
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Paper  M 1 


CALIFORNIA  COASTAL  PROCESSES  STUDY 

Douglas  M.  Pirie,  Corps  of  Engineers,  San  Francisco  District  and  David  D.  Steller,  Geosource 
internationai  inc.,  Seai  Beach,  California 


ABSTSi^ 

This  paper  preaenfcs  prellalnary  findings  and  applications 
derived  from  ERTS-1  satellite  imagery  of  the  nearshore  coastal 
processes  of  the  California  coast*  The  study  objectives  are 
to  analyse  nearshore  currents,  sediment  transport,  and  estuarine 
and  river  discharges  along  the  California  coast  thru  the  use 
of  synoptic  and  repetitive  imagery  from  ERTS  as  well  as  aircraft 
underflights  and  surface  data. 


The  major  conclusions  that  are  described  in  detail  in  this 
paper  are  as  follows:  (I)  Distinct  seasonal  patterns  for  sedi- 

ment transport  as  a function  of  the  oceanic  current  systems  and 
coastal  morphology  have  been  identified.  (2)  Large  scale  sedi- 
ment plumes  from  intermittent  streams  and  rivers  extend  offshore 
to  previously  tmanticipated  ranges.  Areas  where  these  plumes 
contain  possible  contamination  from  onshore  activities  can  be 
traced  in  detail.  (3)  Computer  generated  contouring  of  radiance 
levels  from  computer-compatible  tapes  result  in  charts  that  can 
be  used  for  determination  of  surface  and  nearsurface  suspended 
sediment  distribution.  (4)  Flying  spot  scanner  enhancownts 
result  In  details  of  nearshore  features.  (5)  Data  from  this 
ERTS  study  Is  providing  significant  information  for  coastal 
planning  and  construction  projects. 


INTRODUCTION  AND  SlDOfART 

The  objectives  of  this  ERTS  study  are  to  oialyze  nearshore  currents, 
sediment  transport,  and  estuaries  and  river  discharges  along  the  California 
cout  through  the  use  of  synoptic,  repetitive  Imagery  from  the  Earth 
Resources  Technology  Satellite  (ERTS);  During  ERTS  overpasses,  airborne 
and  sea  truth  data  are  collected  for  comparing  and  confirming  details  of 
nearshore  processes  that  are  detected  on  ERTS  imagery.  Four  test  sites 
along  the  California  coast  (San  Francisco,  Monterey  Bay,  Santa  Barbara 
Channel,  and  Los  Angeles)  are  emphasized  during  the  interpretation 
of  the  overall  ocean  surface  dynamic  structure.  Major  effort  la  being 
placed  on  four  analysis  techniques:  (1)  mosaic  analysis  of  three 
California  coast  ocean  seasons  using  visual  and  densitometer  analysis  of 
suspensates  to  determine  surface  dynamics,  (2)  computer  contouring  In- 
vestigation of  radiance  level  distribution,  (3)  investigation  of  the 
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relationship  between  ERTS  scene  radiance  levels  and  suspended  sediment 
content,  and  (4)  use  of  flying  spot  scanner  enhancements  to  facilitate 
detection  and  Interpretation  of  subtle  suspended  sediments.  At  numerous 
locations,  the  nearshore  features  are  also  investigated  utilizing  both 
aerial  photography  (high  and  low  altitude)  and  sea  truth  data.  Sea  truth 
is  collected  by  the  principal  and  co-investigators  and  supplemented 
primarily  by  data  from  the  University  of  Southern  California,  the  Office 
of  Naval  Research,  the  University  of  California  at  Santa  Cruz,  and  the 
National  Park  Service. 

One  of  the  major  results  of  this  study  is  the  ability  to  detect 
the  source  and  movement  of  sediments  in  the  nearshore  and  offshore 
zones.  This  sediment  Interpretation  capability  results  from  analyzing 
the  £RTS-}^S  green  bank  imagery.  Included  are  three  mosaics  of  the 
California  coast  which  were  assembled  for  specific  ocean  current  seasons. 
CSntrast  between  clear  ocean  water  and  sediment-laden  water  is  possible 
tl|rpugh  both  visual  interpretation  of  tone  contrast  and  through  enhance- 
meit  techniques.  These  processes  are  applied  to  the  transparencies  and 
computer  compatible  tapes  (CCT).  Distribution  of  sediments  from  riverine 
dMiharge  and  coastal  erosion  is  possible  along  the  coast  out  to  distances 
o£^|60  km  and  more.  A complex  interrelationship  of  energy  sources  including 
wind,  tide  and  current  modified  by  bottom  topography  and  atmospheric  con- 
d^i|ions  governs  the  movements  of  coastal  waters.  These  transitory  processes 
i^ing  over  an  area  as  large  as  the  California  coast  presents  a complex 
l^lysis  problem  ^ose  solution  is  significantly  aided  using  ERTS  imagery, 
^e  ability  to  detect  current  direction  and  horizontal  distribution,  up- 
If0.11ngs,  current  blockage,  offshore  movements,  gyres,  sediment  source 

nearshore  and  offshore  current  reversals  represents  a valuable  new 
^itribution  to  coastal  information  and  U.S*  Army  Corps  of  Engineers 
^^^rations. 

Along  the  California  coast,  the  dominating  factor  in  nearshore  processes 
dynamics  is  the  California  Current  which  moves  generally  southeast.  In 
the  winter  the  northward-directed  nearshore  Davidson  Current  moves  opposite 
to  the  south-moving  California  Current  further  offshore.  This  northward 
flow  in  winter  (mid-Novejd>er  to  mid-February)  is  attributed  to  the  seasonal 
change  in  the  wind  patterns  across  California,  Oregon  and  Washington.  The 
effect  of  this  seasonal  coastal  current  movement  is  brought  out  in  detail 
in  ERTS  Imagery  analysis.  About  halfway  through  February  another  major 
change  in  wind  direction  annually  initiates  the  phenomena  of  nearshore 
Coriolis  force  upwelling  resulting  in  the  Upwelling  Period.  During  this 
period  the  prevailing  coastal  winds  are  from  the  northwest  and  tend  to 
increase  the  speed  of  the  surface  current  and  maintain  the  flow  parallel  to 
the  coast.  In  some  areas  Immediately  adjacent  to  the  coast,  the  southward 
component  of  the  winds  is  often  increased.  When  this  occurs,  the  influence 
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o£  the  eastward  component  of  the  wind  on  the  surface  layer  becomes  In- 
sufficient to  prevent  the  surfacing  of  the  deeper  layer  cold  water  that 
has  built  up  against  the  coast.  This  effect  seems  to  be  intensified 
south  of  capes  and  points  which  extend  out  toward  the  Calif omia  Current 
stream.  Along  the  California  coast,  as  noted  in  the  ERTS  imagery,  op- 
welllngs  occurs  near  Cape  Mendocino,  Point  Conception  and  Crescent  City 
during  March  and  July,  The  cooler  opwelling  waters  are  often  rich  in 
nutrients  with  a result  that  phytoplankton  blooms  often  occur  in  this 
period.  The  third  mosaic  presented,  is  titled  the  Transition  Period  and 
Includes  available  imagery  near  the  end  of  the  Opwelling  Period  and 
before  the  Oceanic  Period,  irtilch  dominates  from  mid- July  to  mid-November, 

The  detectability  of  nearshore  processes  and  open  ocean  current  is 
largely  dependent  upon  the  amount  and  distribution  of  suspensates  in 
the  coastal  waters.  In  addition  to  the  use  of  the  common  interpretative 
techniques  for  coastal  processes  (i,e, , densitometer,  additive  color, 
photographic  density  enhancement) , three  major  methods  of  analysis  have 
been  developed.  The  first  method  Is  to  use  the  suspended  sediment  samples 
and  transmissometer  data  to  calibrate  and  compare  radiance  levels  found  in 
the  ESTS  imagery.  This  analysis  is  used  in  conjunction  with  the  CCT  con- 
touring in  order  to  analyse  sediment  distribution  in  the  test  areas  of 
interest.  The  second  technique  is  to  use  the  flying  spot  scanner  (FSS) 
to  convert  tape  to  film.  This  technique  is  utilized  to  expand  the  restricted 
ERTS  ai$nsl  dynamic  range  that  corresponds  to  suspensates  in  coastal  waters. 
It  amplified  the  signal  range  prior  to  recording,  so  the  features  of 
Interest  are  esqihasized  in  the  played-baek  enhancement.  The  third  technique 
is  the  use  of  the  NASA  computer  compatible  tapes  (CCT)  in  playback  enhance- 
ments and  in  the  contouring  of  radiance  levels.  The  contours Vte  related 
to  sediment  content  in  the  coastal  and  offshore-  areas  as  determined  by  sea 
truth  collections  and  data  analyses.  In  each  case,  these  techniques  have 
resulted  in  the  enhancement  of  subtle  or  nondetectable  (by  human  eye)  signal 
levels  in  the  ERTS  data. 

Identification  of  important  processes  operating  in  a coastal  environ- 
ment and  understanding  their  relative  importance  and  mutual  interactions 
are  prime  requirements  in  interpreting  coastal  water  dynamics  and  in 
designing  coastal  structures.  This  study  is  developing  the  details  of 
nearshore  processes  as  well  as  the  dynamics  of  the  three  ocean  seasons. 
Investigations  of  the  ocean  season  currents  have  been  going  on  for  years, 
but  essentially  no  simultaneous  data  source  as  extensive  as  ERTS  has  been 
available.  The  use  of  the  ERTS  information  in  analyzing  present  and  future 
coastal  study  sites  is  of  primary  value  to  the  U.S.  Amy  Corps  of  Engineers. 

DAVIDSON  CURRENT  PERIOD 

The  complex  movements  of  the  various  surface  currents  which  occur  during 
the  Davidson  Current  Period  are  illustrated  in  Figure  1.  The  information 
for  this  plot  comes  from  repetitive  ERTS  coverage,  several  aircraft  flights 
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Figure  1 . Dovldbon  Cunwit  Plot.  Nocmhofo  ond  Ceoital  Cimonli  Doloimlnod  from  A^S  Bond  4 
(5000  - 6000  A)  kiflooiy  Durfc«  Iho  No¥«mlwr  1972  > Januar)r  1973  Poriod. 

Imqgoiy  vwis  Supplemented  by  U-2  and  Low  Level  Aircraft  Photography  and  Sea  Truth 
Oirtia 
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and  sea  truth  sources.  Figure  2 is  a mosaic  o£  chanael  4 (5000-6000  A) 
ERTS  imagery  which  includes  scenes  judged  to  most  clearly  delineate  the 
relative  concentrations  and  dispersal  of  suspended  sediment.  The  time 
period  covered  by  these  figures  is  mid-Hoveaber  1972  - February  1973. 

The  main  influencing  current  on  the  coast  is  the  California  Current 
which  is  a part  of  the  great  clockwise  circulation  of  -the  North  Paeific 
Ocean.  However,  during  this  period  each  year,  the  Davidson  Current  - 
a north  moving  counter-current— is  the  dominant  inshore  transporter  of 
water  and  suspensates. 

The  Davidson  Current  is  generally  a deep  counter-current  below  200 
meters  which  flows  to  the  northwest  along  the  coast  from  Baja  California 
to  some  point  beyond  Cape  Mendocino.  It  brings  warmer,  more  saline 
water  great  distances  northward  along  the  coast.  When  the  north  winds 
are  weak  or  absent  in  late  fall  and  early  winter  this  counter-current 
forms  at  the  surface,  well  to  the  inshore  side  of  the  main  stream  of 
the  California  Current.  The  evidence  for  this  current  is  visible  on 
the  mosaic  and  indicated  by  the  temperature  contours  and  current  measure- 
ments collected  from  this  area.  The  temperature  contours  in  the  eastern 
Pacific  bend  to  the  north  along  the  coast  during  the  height  of  the 
Davidson  Current  activity  with  the  most  dramatic  changes  taking  place 
In  February. 

In  general,  the  Figure  2 mosaic  of  this  period  Illustrates  the 
greatest  concentration  of  nearshore  northern  moving  sediments  offshore 
to  a distance  of  5 to  9 km.  At  several  points  along  the  coast  the 
movement  is  blocked  by  large  gyres  which  appear  to  carry  significant 
voliuBes  of  sediment  off-coast  idiere  they  are  then  transported  southward 
by  the  California  Current.  At  Pt.  Conception  a relatively  small  blockage 
takes  place,  but  off  Pt.  Lopes  67  km  south  of  Monterey  an  extensive  off- 
shore movement  of  sediment  takes  place.  Initial  transport  here  is  in 
the  southwest  direction  to  a point  about  96  km  off  the  coast  where  move- 
ment changes  to  the  south.  Small  scale  gyres  are  present  near  Pt.  Ano 
Nuevo,  Devils  Slide,  Pt.  Arena,  Pt.  Delgada  and  off  Hunboldt  Bay.  In 
each  case  a counterclockwise  gyre  is  present  which  carries  north-moving 
nearshore  sediments  offshore  into  the  south-moving  California  Current. 

No  attempt  has  been  made  to  estimate  the  significant  amount  of  offshore 
sediment  movement  occurring  during  the  Davidson  Current  period. 

In  the  Los  Angeles  Harbor  area  material  from  the  Los  Angeles,  San 
Gabriel  and  Santa  Ana  Rivers  are  being  moved  offshore  and  westward  by 
the  influence  of  the  Davidson  Current.  Inside  the  harbor  itself  an 
east-southeastward  current  is  in  effect.  Once  outside  the  Los  Angeles 
breakwater  a slow  moving  westward  current  appears  to  dominate  the 
nearshore  sediment  movement.  Off  Santa  Catalina  Island,  however,  trans- 
port is  in  the  southeast  direction  indicating  a surface  current  reversal 
in  San  Pedro  Channel.  Suspended  sediments  in  Santa  Moaiea  Bay  ring  the 
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bay  with  a 5 to  8 kilometer  wide  border.  This  ring  of  sediment  appears 
to  be  escaping  the  bay  area  to  the  west  around  Ft.  Dume.  This  agrees 
with  the  general  Davidson  Current  pattern. 

In  the  Santa  Barbara  Channel  between  Fort  Hueneme  and  Anaeapa  Island 
the  westward  current  domination  Is  observed.  The  pattern  with  minor 
modifications  continues  to  the  west  of  Carplnterla.  A counterclock- 
wise gyre  Is  present  Just  east  of  Santa  Barbara  and  Is  moving  sediment 
offshore  6 to  8 kilometers.  Off  Ft,  Conception  the  California  Counter- 
Current  In  the  area  between  the  mainland  and  the  Channel  Islands,  as 
described  by  Drake  (1972) , appears  to  pick  up  these  partlcules  and  trans- 
ports them  offshore  In  a complex  pattern  where  they  are  Influenced  by  the 
California  Current. 

The  Monterey  Bay  surface  waters  are  reported  to  be  exceedingly  uniform 
during  the  Davidson  Current  period  (CCOFI,  1958),  The  extreme  temperature 
difference  between  any  pair  of  stations  averages  a little  less  than  1*C.  No 
regular  pattern  of  temperature  distribution  Is  dlseemible.  The  general 
northern  trend  of  the  suspended  sediment,  however,  appears  to  continue  In 
Monterey  Bay  as  noted  on  the  ERTS  imagery.  From  the  area  of  the  Elkhom 
Slough  north  and  northwest  to  Santa  Cruz  a large  gyre  of  material  is 
present.  Little  of  this  material  appears  to  be  escaping  the  confines  of 
the  Bay.  The  blockage  of  suspensate  movement  from  the  Bay  appears  to  be 
blocked  by  the  counterclockwise  gyre  activity  that  Is  present  off  Ft.  Ano 
Nuevo. 

In  the  Gulf  of  the  Farallones  ^leh  encompasses  the  majority  of  the 
San  Francisco  teat  cell,  a complex  surface  current  and  sediment  transport 
system  Is  present.  A large  clockwise  gyre  Is  preisent  off  the  Golden  Gate 
reaching  from  the  Lake  Merced  area  northwest  to  the  vicinity  of  Duxbury 
Ft.  Near  Lake  Merced  a nodal  point  Is  present  separating  the  large  gyre 
just  mentioned  from  a smaller  gyre  present  off  Pacifica.  From  Duxbury 
Ft.  to  Drakes  Bay  the  current  appears  to  be  moving  sediment  In  a north- 
west direction.  Near  Drakes  Bay  this  current  meets  a counterclockwise 
moving  current  which  generally  moves  around  Ft.  Reyes.  Just  north  of 
Ft.  Reyes  at  the  niouth  of  the  Russian  River  the  distinct  northerly  effect 
of  the  Davidson  Current  Is  Illustrated.  The  majority  of  the  movement  takes 
place  within  5 to  7 kilometers  of  the  coast. 

The  overall  affect  of  the  current  along  the  California  coast  can  be 
viewed  in  detail  on  the  ERTS  Imagery.  Although  the  general  changes  in 
current  direction  have  been  known  for  some  years  the  cooq>lexltles  within 
the  general  currents  have  not  been  recorded  in  detail.  Near  the  coast 
the  effect  of  the  Irregular  coastline  and  varying  depth  governs  detailed 
transport  and  current  direction.  This  topography  and  the  winds,  which 
soMtimes  reinforce  and  sometimes  oppose  the  current,  and  the  significant 
vertical  motion  In  the  region  of  upwelling  and  possible  dacillatlons  of 


1419 


/W  CREXENT  OREGON  }}  r. 
CITY  % 

3 I 


CLEAR  LAKE 


LAKE  TAHOE 


EXPLANATION 
CURRENT  VECTOR  SOURa 

U UPWELLING 
-►  AIRCRAFT 
ERTS 


• SACRAMENTO 


• STOCKTON 


SAN  JOSE 


OWENS  LAKE  0 


BAKERSFIELD 


» c6V;i)C:0  • LOS  ANGELES 

^ 4 ^ 

SCALE  IN  MILES  ( ^ ^ ^ 

£2 £ V ^ 

1 1 'VO  »✓  k 1 V'  ' 


> SAN  DIEGO 


128  KM 


FIgitf*  13 f.  L^pw^iling  Period  Current  Plot.  Neonhore  and  Coastal  Currents  Deteimlned  finom  MSS 
4 (5000  - 6000  A)  Imagery,  U-2  and  Low  Level  Aircraft  Photography  and  Sea 

Truth 


1420 


Hp  iro»A 

mm 

MAfiCH  1973- Am  1973 


Internal  waves,  all  eoablne  to  aake  the  aeasoreaent  of  current  ceaplex. 

The  synoptic  E8TS  view  of  currents  as  indicated  by  sediiaent  tracers 
presents  a unique  capability  to  the  coastal  investigator. 

UPWELLIN6  PERIOD 

The  Upwelling  Period  is  a oarkedly  seasmal  phenonena  which  takes 
place  generally  fr<m  nld-February  to  July.  An  Upwelling  Period  Current 
Plot,  Figure  3,  resulted  fron  analyzing  the  ERTS  imagery  mosaic.  Figure 
4,  for  the  March-Aprll  1973  period.  13110  mosaic  is  assembled  from  ERTS 
channel  4 (5000-6000A)  frames.  The  Imagery  was  picked  for  clarity  and 
visible  suspended  sediment  content  which  is  utilized  as  a tracer  for 
studying  current  movement. 

During  the  Upwelling  Period  winds  parallel  to  the  coast  and  the 
Coriolis  force  move  waters  offshore  allowing  deeper  ocean  water  to 
surface.  This  effect  se«Bs  to  be  intensified  south  of  capes  and  points 
which  extend  out  into  the  current  stream  and  above  submarine  canyons. 

On  the  current  plot  these  processes  illustrated  as  upwelllngs  are 
located  at  Crescent  City,  Cape  Mendocino,  south  of  Pt.  Conception,  Half 
Moon  Bax  ccd  Monterey  Bay.  These  colder  upwelling  waters  are  often  rich 
in  nutrients  with  the  additional  result  that  plankton  blooms  occur. 

This  is  often  accompanied  by  increases  in  the  fish  population  and  is  of 
great  interest  to  the  fishing  industry. 

During  the  April  16-30,  1973  period,  a gradual  warming  was  taking 
place  along  the  coast  with  the  exception  of  the  Cape  Mendocino  area. 

An  extensive  upwelling  extended  from  near  Crescent  City  to  the  south 
of  San  Francisco  and  was  a variation  from  the  general  warming  trend. 

Similar  type  features  on  a more  local  scale  were  detected  by  studying 
offshore  tonal  changes  on  the  ERTS  Imagery.  Confirmation  of  coasted 
processes  of  this  period  resulted  from  aircraft  and  sea  truth  measure- 
ments similar  to  those  taken  during  the  Davidson  Current  period. 

The  effect  that  upwelling  has  on  the  nearshore  coastal  sediment  trans- 
port is  emphasized  and  illustrated  on  the  ERTS  imagery  mosaic.  In  reviewing 
historical  data  on  upwelling,  it  is  noted  that  the  exact  location  of  these 
features  are  not  predictable.  The  Ig^rtance  of  this  information  to  both 
the  understanding  of  nearshore  processes  and  to  the  fishing  industry  is 
apparent. 

TRAHSITION  PERIOD 

The  Transition  Period  mosaic  consists  of  a description  of  sediment 
transport  and  coastal  currents  for  the  California  coast  during  the  period 
May-July  1973.  This  period  eabraces  the  end  of  the  Upwelling  Period,  thus 
we  call  it  a Transition  Period.  The  excellent  imagery  available  represented 
an  opportuaity  to  analyze  the  coastal  waters  surface  dynamics  between  the 
slowing  of  the  upwelling  and  the  nearshore  dominance  of  the  California 
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Current.  As  shown  on  Figure  5,  the  current  along  the  California  coast 
was  generally  south  during  the  Transition  Period.  The  awsaic  of  this 
period  (Figure  6),  however,  illustrates  several  areas  which  were  not 
following  this  simplified  pattern. 

Analysis  of  the  Transition  Period  mosaic  indicates  several  areas  of 
complex  offshore  sediment  transport  and  gyre  activity.  These  include: 

Cape  Mendocino,  Ft.  Arena,  the  Gulf  of  the  Farallones^  Ft*  Conception , 
Palos  Verdes  Peninsula  and  San  Diego.  The  period  represented  by  this 
mosaic  corresponds  to  the  dry  season  along  the  majority  of  the  coast. 

For  this  reason  there  is  less  riverine  discharge  and  less  suspended 
sediment  in  the  nearshore  and  offshore  area.  Erosion  of  beaches  and 
sea  cliffs  by  longshore  currents  and  storm  waves  plus  natural  suaner 
stream  runoff  still  provide  sufficient  material  for  detection  by  ERTS. 

The  major  data  source  for  this  period's  current  plot  was  primarily  from 
ERTS  since  few  aircraft  flights  occurred  during  May  and  June. 

The  California  Current  which  is  always  present  off  the  Calif omia 
coast  and  which  is  coming  into  inshore  dominance  during  this  period  is 
an  eastern  Pacific  boundary  current.  It  can  be  described  as  a meandering, 
diffuse  southward  flow,  with  short-term  variations  in  speed  that  are  of 
the  same  order  as  the  mean  speed  itself  .'  This  current  which  starts  south 
from  the  area  of  the  Aleutian  Islands  is  modified  by  upwelling,  solar 
heating,  river  discharge  and  exchange  with  estuaries  and  embayments. 

The  complex  meanderings  and  changes  which  occur  along  the  path  of  the 
California  Current  are  at  least  partially  detectable  by  analyzing  these 
ERTS  Images . 

SUSPENDED  SEDIMENT  ANALYSIS 

On  a seasonal  basis,  stable  sediment  patterns  ara  observed  to  persist 
for  several  weeks  with  minor  changes*  In  situ  measurements  of  suspended 
sediment  as  a function  of  depth  and  lateral  extent  show  these  patterns 
to  be  extremely  complex  in  three*'dtmensional  development,  Such  sedi- 
ment clouds  with  either  a sharp  or  diffuse  boundary  at  an  Intermediate 
depth,  will  reflect  or  back  scatter  a disproportionate  amount  of  light, 
thus  confounding  the  film  density /sediment  load  determination.  Color  of 
the  sediment  cloud  may  be  used  to  identify  and  assign  an  appropriate 
statistical  weight  in  the  image  merging  program,  but  the  morphology  of 
the  turbidity  cells  is  complex.  Also  along  the  California  coast,  coastal 
mountain  ranges  normally  cause  surface  winds  to  parallel  the  coast  in  an 
equator-ward  direction,  thus  producing  a dominantly  offshore  sweep  for 
the  sun-warmed  surface  waters.  l%e  colder  subsurface  waters  rise  to 
produce  both  thermal  and  suspended  sediment-type  gradients. 

Vihat  is  of  concern  here  is  to  attempt  a calibration  of  film  density 
in  terms  of  absolute  seiment  load.  Color  and  turbidity  are  very  much 
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Interrelated  in  that  the  particulates  idiieh  cause  water  to  be  turbid 
thenselves  selectively  absorb  and  scatter  visible  energy.  Turbidity  in 
water  results  from  the  presence  of  particulates,  either  organic  or  in- 
organic in  nature,  while  color  can  sonetlmes  be  attributed  to  scattering 
and  absorption  by  dissolved  aaterials  or  by  the  water  molecules.  A 
basic  definition  of  turbidity  is  that  it  is  a means  of  expressing  that 
optical  property  of  a sample  which  results  from  rapid  attehuatlon  of  light 
by  scattering  and  absorption  by  particulates.  Although  some  investigators 
feel  that  the  weight-*eoncentratlon  of  suspended  matter  in  the  given  optical 
path  is  infeasible  to  correlate  with  turbidity,  the  basic  probl«B  (illus- 
trated in  Figure  7)  is  showing  that  normalised  transmittance  is  due  to 
the  scatter  type  (i.e. , in  the  lagoon,  in  the  surf  sone,  or  ocean).  A 
lesser  effect  (i.e.,  a few  percent  per  meter)  is  due  to  the  specific 
sediment  load  (e.g.,  reference  curves  M3  and  MS  of  Fl^re  7). 

On  the  Other  hand,  curves  such  as  Figures  8 and  9 indicate  that  this 
may  not  be  correct  since  it  shows  an  excellent  agreement.  Indeed,  logic 
tells  one  that  the  concentration  of  particulates  in  the  path  will  be  the 
dominating  factor  in  a long  path  length.  Sise,  shape  and  refractive 
index  are  possibly  not  as  important  as  once  thought  in  terms  of  scattering. 
Hence,  moat  oceanographers  utilise  suspended  sediment  concentration  (orgmic 
plus  inorganic)  as  a measure  of  turbidity.  In  situ  measurements  made  with 
a 30  cm  Secchi  disk,  in  extremely  turi>ld  San  Francisco  Bay  waters  show 
strong  correlation  of  sediment  loads  to  the  4500  A band  film  density  readings. 

The  closest  MTS  band  analog  is  at  5000  A.  Apparently,  the  5000  A band 
Indicates  the  position  of  the  sediment  cloud  where  the  mean  density  change 
of  the  total  suspended  sediment  in  water  is  on  the  order  of  10  milligrams/ 
liter  on  a volumetric  average  over  the  water  column. 

In  deeper  water,  a critical  hypothesis  to  test  is  if  the  net  increase 
in  suspended  sediment  contributes  dominantly  to  the  backscattered  light. 

In  thin  ease,  highsr  reflectances  due  to  multiple  sediment  layers  at 
varying  deptto  would  be  confounded  with  increased  backscatter  due  to  an 
increase  in  total  suspended  sediment. 

Since  a wide  range  of  sediment  samples  and  simultaneous  aerial  photog- 
raphy were  available  from  an  ONR  Bathymetry  Study  for  Portugese  Bend  and 
Inspiration  Cove  on  Palos  Verdes  Peninsula  near  Los  Angeles,  they  were 
chosen  to  test  this  hypothesis.  These  waters  represent  the  “median** 
coastal  seeing  environment.  Although  in  general,  the  Portugese  Bend  sedi- 
ment load  was  observed  to  Increase  with  water  depth,  both  concave  and  convex 
gradients  as  well  as  linear,  increased  with  depth  and  were  characteristic 
of  Individual  stations  in  the  raw  sample  data.  These  data  ranged  from  a 
high  of  44.9  mg/1  to  a low  of  0.3  mg/1.  It  should  also  be  noted  that  these 
particular  data  correspond  to  a period  of  runoff  of  terregenous  sediment 
due  to  rain  during  the  preceding  week.  Comparison  of  film  isodensity  traces 
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Figure  7,  Mugu  Lagoon  & Ocean  Water  Sediment 
Lo^s  Spectral  Transmittance 
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Figure  8.  Film  Density  Vs.  Sediment  Load  & Optical  Extinction 
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Figure  9.  Calibration  Curve  for  Sediment  Load  Vs.  Film  Density  in  Median  California  Coastal  Waters  (Film  GAMMA  ■ 1) 
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FIGURE  10;  AHENUATION  OF  BLUE-GREEN  LIGHT  VS.  SEDIMENT  LOADING 

GHOVANLOU,  ETAL  1973 


over  the  sampled  area  with  suspended  sediment  anomalies  at  depth  showed 
neither  a significant  correlation  nor  anticorrelation.  Hence,  in  the 
absence  of  a more  extensive  saiq>ling  grid,  simple  volumetric  averages 
of  sediment  load  were  coiiq>oted  from  the  water  sample  analysis.  (These 
ranged  from  16  to  4 mg/1.)  These  showed  a "break"  at  approximately  the 
6 meter  depth  contour  corresponding  roughly  to  a 10  mg/1  decrease  in 
sediment  seaward.  A visible  scum  line  was  also  observed  in  the  photog- 
raphy in  this  vicinity,  evidently  marking  the  boundary  between  these  two 
water  types. 

These  data  were  employed  to  derive  the  film  density /sediment  load 
calibration  shown  in  Figure  9.  The  same  calibration  was  applied  to 
HASA  f raise  1108-18014-4,  Figure  11.  Initially  it  was  noited  that  the 
negative  supplied  by  NASA  did  not  have  the  stated  dehsltles  on  its 
stepwedge.  Table  1 provides  the  recallbratlon  performed. 


TABLE  1 


Step 

1108-18014-4  Negative 
(Beferenee  Figure  11) 

Density 

(Macbeth) 

NASA 

15 

0.18 

0.40 

14 

1.31 

13 

1.48 

12 

0.76 

1.75 

11 

0.86 

1.87 

10 

0.96 

1.96 

9 

1.04 

2.04 

8 

1.08 

2.10 

7 

1.14 

2.16 

6 

1.20 

2.21 

Drakes  Sediment  Level 

Station  No. 

Mg/1 

600 

1.1 

601 

.56 

602 

2.51  (Avg) 

603 

3.6  (Avg) 

604 

15.3 

0.5 

4.3 

3.1 

655 

4.4 

Comparison  to  the  surface  sediment  sample  measurements  made  by  Drake  (1972) 
la  given  in  Table  1.  Figure  11  gives  the  location  of  Drakes  sample  stations. 
These  represent  isilliport  filter  residues  for  surface  water  samples  collected 
in  January  1969.  Despite  the  time  gap,  these  are  seasonally  comparable 
times  and  show  a reasonable  correlation.  Note  in  particular  Station  604 
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(NASA  ERTS  Frame  1108-18014-4) 
8 November  1972 


Sediment  Load 

Key:  (Interpolated  from  Figure  9) 


Dork  Blue 
Medium  Blue 
Light  Blue 
Light  Green 
Dark  Green 


1-  2 mg/liter 
2“  3 mg/liter 
3“  4'mg/liter 

4-  8 mg/llter  \ insensitivity  may  be  due 
8-15  mg/liter  I to  reciprocity  failures. 


Figure  11.  Tentative  Mapping  of  Near-Surface  Suspended 
Sediment  from  ERTS  Imagery 
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of  Flguire  11  which  shows  15.3  ng/1  in  Drakes  data  versus  8-15  ag/1 
estimated  from  the  ERTS  frame  (Figure  11}  and  the  sediment  load  film 
brightness  relationship  derived  from  airborne  data  (Figure  9) . Further 
testing  and  sampling  to  determine  the  accuracy  of  this  methodology  is 
now  underway. 

FLYING  SPOT  SCANNER  ENHANCEMENTS  (FSS) 

Imagery,  enhanced  «uid  improved  for  hearshore  sediaent  detect ion  and 
delineation,  has  been  recorded  on  film  from  NASA  Computer  compatible 
tapes  (CCT).  Geosource's  modified  flying  spot  scanner  (FSS)  system  Is 
used  to  convert  NASA  digital  data  to  hard  Copy  fllm^  This  filU  writing/ 
reading  system  uses  a high  resolution  CRT  as  a light  source  for  data 
processing.  A spot  size  of  0,7  mils  can  be  achieved  when  normal  brightness 
and  signal  levels  fre  employed. 

Data  on  a 9-track  800  BPl  tape  is  directly  applied  to  the  system  at  a 
real  time  rate.  Recorder  playback  clocks  are  used  to  discretely  position 
the  CRT  spot  through  one  of  five  fixed  digital  rasters. 

Horizontal  and  vertical  deflection  Is  provided  from  two  12-blt  digital 
to  analog  converter  (DAC's).  The  Z-axls  modulation  of  the  CRT's  Intensity 
Is  performed  after  digital  to  analog  conversion  of  the  video.  Video  gain 
and  level  manipulation  are  controlled  through  a wide  bandwidth  video 
amplification  stage  to  provide  signal  levels  yielding  optimum  film  gaasia 
for  every  scene. 

Enhancement  Technique 

NASA  Original  Bulk  Imagery  displays  the  scene's  dynamic  range  within 
the  film's  available  gamma  range.  Typically,  however,  the  sediment  features 
which  are  of  particular  Interest  on  this  nearshore  processes  study  are 
represented  in  only  a small  portion  of  this  gamSia  or  density  range.  Thus, 
the  sediment  features  have  a relatively  low  contrast  es  compered  with  that 
which  can  be  achieved  during  film  recording.  Figure  12  portrays  a typical 
example  of  how  the  contrast  of  sediment  features  can  be  enhanced.  Part 
(a)  of  the  figure  is  a direct  pring  from  a MSS  band  A negatlye.  The  scene 
displays  a nominal  contrast  with  white  or  light  clouds  In  the  northeast 
comer  and  a dark  density  or  black  in  the  ocean  regions.  13ils  print  was 
exposed  on  poly  contrast  Kodak  paper  with  a Mo.  3 filter  to  increase  the 
contrast  of  offshore  sediment  features. 

The  (b)  part  of  Figure  12  is  a print  from  the  negative  recorded  on  the 
FSS  using  the  analog  preprocessing  technique.  A comparison  between  the 
matching  images  immediately  Illustrates  the  advantages  of  controlled  play- 
back exposures.  NASA  Imagery  must  be  recorded  on  film  in  such  a way  that 
all  signal  levels  are  within  the  film's  density  range.  It  would  |tot  be 
practical  or  desirable  for  NASA  to  generate  negatives  with  exposures 
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optlalsed  for  only  selected  portions  of  any  scene's  signal  range. 

However,  for  special  features  of  interest,  such  as  offshore  suspended 
sediaent,  its  signal  range  is  United  and  relatively  snail. 

This  snail  signal  range  can  be  anpllfled  prior  to  recording  as  denon- 
strated  here  so  that  naxiawin  contrast  between  sedinent  features  can  be 
realized.  To  contrstit*'enhanee  features  within  any  scene,  two  signal 
processing  techniques  ate  available  in  the  FSS  systen.  One  nethod  enploys 
standard  analog  anpllfieation  nethods  (Analog  Preprocessing  Technique)  to 
control  the  signals  gain  and  DC  level  setting.  The  alternate  nethod  is  a 
hybrid  digital/analog  technique.  In  this  nethod  the  eight-bit  parallel 
digital  data  is  shifted  at  the  input  to  the  digital  to  analog  converter 
(D/A)  to  achieve  the  appropriate  gain.  By  this  second  nethod,  discrete 
steps  in  gain  of  2/1  can  be  applied  to  the  input  sighals.  The  p/A  output 
is  then  fed  through  a unit  gain  analog  anpUfier  whera  DC  offset  Is  con- 
trolled. In  the  application  of  either  of  these  teehnlques  for  enhancing 
ERTS  scenes,  particular  problens  nay  present  thenselves.  Thus,  a nore  de- 
tailed discussion  of  these  techniques  in  a total  systen  context  is  presented 
below. 

1.  Analog  Preproeessina  Technique 

The  exposure  of  the  FSS  negatives  is  a function  of  numerous  paran- 
eters  and  systens  settings  (CRT  voltage  or  brightness,  signal 
levels,  scan  rate  and  raster  size,  lens  aperture,  and  flln  char- 
acteristics, etc.).  To  reduce  the  effect  and  randonness  of  these 
variables,  an  analysis  of  FSS  systen  performance  was  undertaken  as 
they  applied  to  ERTS  data  reduction.  It  is  necessary  to  under- 
stand at  this  point  that  all  paraneters  and  settings  have  been 
standardized  or  fixed  for  the  ERTS  data  task.  This  approach  of 
formulating  a standard  system  configuration  and  data  reduction 
procedure  is  necessary  so  that  consistent  optlinnii  high  quality 
products  can  be  produced.  Additionally,  the  processing  time  has 
been  reduced  to  a ninimum,  All  other  paraneters  being  fixed,  the 
film  exposure  is  now  only  a function  of  the  signal  levels  present 
at  a systen  nonitoring  point.  This  point  is  in  the  video  chain 
at  the  output  of  the  analog  video  preprocessing  amplifier  prior 
to  being  input  to  the  electron  beam  video  drive  amplifier.  A 
signal  swing  from  0 to  0.5  V will  result  in  a log  film  density  of 
0.41  to  2.25 

The  digital  data  from  the  tape  deck  is  converted  to  analog  signal 
for  preprocessing  prior  to  film  recording.  The  video  amplifiers 
are  used  to  control  the  signal  gain  and  DC  level  so  that  the  signal 
levels  are  within  the  0 to  0.5  volt  range.  For  a normal  exposure, 
the  total  signal  range  of  any  scene  is  adjusted  so  that  it  is  within 
this  voltage  window.  To  enhance  the  contrast  sediment  features,  the 
signal  levels  are  increased  by  virtue  of  the  analog  gain  controls 
so  that  the  video  signals  representing  sediment  features  swing  from 
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0 to  0.5  V.  As  noted  above*  the  applleatlon  of  this  lu^og  gain 
to  enhance  features  presents  an  additional  problem.  ^Is  probl^ 

Is  that  signals  from  other  features,  such  as  land,  beach,  etc., 
have  also  been  amplified.  Ihese  signal  leirels  are  largsr 
the  maximum  desirable  signal  level  of  0.5  V.  Recording  of  this 
amplified  full  d3mamie  range  signals  would  result  in  poor  Imagery, 
as  well  as  presenting  potential  damaige  to  the  The  large 

signal  levels  present  two  problems.  Firstly,  these  larger  signals 
could  saturate  the  post  amplification  stages  of  the  viteo  ampli- 
fiers, thus  causing  holdover  of  the  video  signals  in  regions  of 
land-water  interfaces.  Secondly,  and  more  important,  the  excessive 
signal  level  will  overdrive  the  CKT  brightness.  This  would  result 
in  an  increased  CRT  spot  size,  internal  li^t  scattering,  and  thus 
a fogging  in  the  imagery.  To  eliminate  these  problems  a signal 
limiter  has  been  Incorporated  into  the  video  ehain.  Gain  can  be 
applied  to  the  video  signal,  but  the  output  signal  range  is  fixed 
to  0 to  Q.5  V.  This  gain,  applied  to  the  raw  video,  results  in 
contraat  enheuneed  sediment  feature  in  the  final  film  negatives. 

The  amoltnt  of  enhancement  is  a function  of  the  gain  applied. 

2.  Hybrid  Pigital/Analog  Technique 

The  second  preprocessing  technique  available  for  contrast  enhance- 
ment employs  all  the  capabilities  and  system  settings  as  described 
in  the  analog  discuasion.  The  single  exception  is  digital  gain. 

It  must  be  remembered  that  to  perform  contrast  eahancasent,  one 
must  control  signal  levels,  and  this  must  be  done  within  system 
constraints,  thus,  the  limiter  function.  In  the  analog  case,  the 
gain  is  continuously  controllable  from  0 to  100.  Hies,  it  is  diffi- 
cult to  repeat  AKpllfier  settings,  or  to  specify  differences  between 
settings.  This  is  not  to  say  that  the  system  cannot  be  calibrated 
to  get  such  information.  However,  additional  steps  are  required. 

The  digital  techniques  allow  us  to  apply  gain  in  discrete  multiples 
of  two.  This  technique  then  yields  the  same  results,  signal  gain, 
but  in  known  multiples.  The  procedure  is  simple  and  straightforward 
assuming  a basic  knowledge  of  digital  to  analog  converters. 

The  two  techniques  described  above  are  those  used  to  control  signal  gains. 
Other  techniques  are  available  for  application  to  the  analog  signal.  These 
include  non-linear  aiqiliflcatlon,  thresholding,  and  differentiation.  Each 
technique  yields  an  enhanced  image;  however,  for  sediment  detection  and 
delineation,  contrast  enhanceamnt  yields  the  optimum  results. 

PSS  Modification  and  Improvement 

The  analysts  referred  to  in  the  above  text  has  improved  the  data  product 
as  recorded  on  the  FSS  system.  Extensive  analyses  was  directed  toward 
isolating  problem  areas  in  the  FSS  system  which  in  the  past  prevented 
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producing  Imagery  displaying  resolution  that  io^roved  on  prints  froiS 
NASA  original  negatives.  Xn  the  past,  the  FSS  system  has  been  used 
to  generate  Imagery  with  enhanced  sediment  features  (e.g.,  gain  control 
was  used  to  increase  the  contrast  of  the  sediment  anomalies). 


This  analysis  resulted  In  isolating  three  major  problem  areas:  (1) 

CRT  dynamic  focus,  (2)  the  recording  lens,  and  (3)  the  recording  film. 

The  dynamic  focus  power  supply  was  readjusted  so  that  the  CRT  spot 
remains  focused  at  all  points  on  the  CRT  face.  Additional  shaping 
circuits  were  Incorporated  and  a complete  adjustment  made  to  yield  an 
optimum  d3mamlc  waveform.  Secondly,  a new  recording  lens  was  installed 
Into  the  system.  The  result  was  an  Increase  in  the  modulation  transfer 
function  of  the  optics  and  a sharp  Image  plane.  Care  mas  taken  during 
installation  to  achieve  a critical  focus  In  the  Image  plane.  The  third 
problem  area  was  the  film  used  for  recording.  Additionally,  the  re- 
cording procedure  was  standardized  to  reduce  the  time  required  to  play- 
back an  Image.  Candidate  films  were  reviewed  based  on  their  characteristic 
curves,  granularity,  and  spectral  sensitivity.  Additionally,  a require- 
ment for  red  light  insensitivity  to  make  handling  easier  was  imposed. 

The  film  picked  was  Kodak  TRI-X  Ortho  type  4163*.  Test  exposure  and 
processing  times  were  tried  to  determine  a standardized  procedure.  This 
resulted  in  a relationship  between  input  voltage  levels  and  film  densities. 
The  following  table  shows  this  relationship: 


Input  Voltage  Level 


Film  Density 


0 

0.41 

0.1 

1.03 

0.2 

1.50 

0.3 

1.93 

0.4 

2 . 15 

0.5 

2.23 

sprocessed  in  D-19  at  68  F for  7 minutes. 


Data  from  CCT  of  frame  1183-18105-4  was  used  during  the  first  test  runs. 
These  runs  showed  another  problem.  If  the  signal  levels  of  interest  are 
between  signal  levels,  both  above  and  below  their  levels,  the  signals 
larger  than  those  of  Interest  become  too  large  as  gain  was  applied  to  the 
signal.  These  signal  levels  actually  become  large  enough  to  damage  the 
CRT  phosphor  or  the  light  level  Increase  to  a point  Which  results  in 
fogging  of  adjacent  data.  To  remedy  this  problem,  a signal  limiter  was 
incorporated  into  the  video  section  of  the  FSS.  niis  is  displayed  on  the 
Imagery  as  a fold-over  condition  as  illustrated  by  the  black  clouds  In 
Figure  12-b.  As  the  signals  level  increases  to  this  safety  threshold,  the 
film  image  is  increasing  in  density.  Once  the  signal  increased  past  this 
level,  the  resulting  density  is  folded  over  to  clear  and  remains  there 
until  the  signal  level  falls  below  the  safety  threshold  level. 
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The  incorporatioa  of  the  above  modifications  and  procedures  resulted 
in  improved  FSS  Imagery.  The  new  imagery  displays  resolution  comparable 
to  NASA  originals.  Thus,  enhanced  data  can  be  recorded  with  little 
reduction  in  resolution. 

COMPUTER  PROCESSING  OF  CCT 

Digital  processing  activity  for  this  study  consists  of  two  ^jor 
efforts:  (1)  develop  the  software  and  tecbniques  to  convert  bulk  CCT's 
to  formats  compatible  with  existing  hardware  and  software  systems  and 
(2)  develop  the  software  to  interface  ^TS  digital  tapes  with  contouring 
programs  to  generate  radiance  contour  maps  for  use  in  determining  near 
surface  suspended  sediment  in  the  California  nearshors  atsas  of  Interest. 
The  primary  objective  of  this  processing  is  to  provide  a means  for 
analyzing  coastal  sediment  distribution. 

MSS  bulk  CCT's  provided  by  NASA  are  organized  into  groups  of  tapes 
which  depict  a scene  approximately  185  kilometers  square.  There  are 
four  tapes  of  each  scene  containing  multispectral  Information  on  one 
strip  46  kilometers  wide. 

The  software  programs  developed  convert  these  bulk  CCT's  to  a flying 
spot  scanner  (FSS)  compatible  tape  produced  for  each  spectral  band.  To 
achieve  this  compatibility  certain  conventions  were  adopted  as  Illustrated 
in  Figure  13  and  described  below. 

The  FSS  line  format  requires  that  input  data  be  organized  in  lines 
of  lengths  of  256,  512,  1024,  2048,  4096  points  (bytes)  each.  A 46  km 
strip  from  bulk  tape  consists  of  lines  with  870  points  (bytes)  each. 

The  1024  byte  line  length  required  by  the  FSS  was  achieved  by  adding  to 
the  data,  dummy  bytes  at  the  end  of  each  line. 

Similarly,  the  standard  number  of  lines  selected  for  scenes  to  be 
reproduced  on  the  FSS  was  fixed  at  1024.  Since  each  46  km  atrip  is  2340 
lines,  the  adopted  cmvention  results  in  three  blocks  of  data  per  spectral 
band  for  each  strip.  The  last  block  actually  consists  of  only  292  data 
lines , the  reizalning  732  lines  are  dummy  data  lines  Inserted  during 
processing. 

Figure  14  is  a photograph  of  a 46  km  strip  reproduced  and  enhanced 
on  the  FSS  from  balk  CCT  data  (note  the  block  sizes).  Ihls  is  a direct 
reproduction  of  the  bulk  CCT  data  and  has  not  been  corrected  to  any  degree. 
Future  software  developments  will  include  the  incorporation  of  de-skewlng 
options  to  the  FSS  compatible  tape  generation  programs.  The  overlay  shown 
depicts  the  area  selected  for  subsequent  processings.  This  figure  and 
all  others  showing  CCT  data  were  generated  using  spectral  band  4 tapes 
since  they  have  been  previously  identified  as  having  the  best  reflectance 
characteristics  for  identifying  suspended  sediment  in  ocean  waters. 
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jFigure  14®  FSS  Enhancement  of  Monterey  Bay 


Areo  of  contour  map  Figure  15  shown  Scene  1 183'“18182'*“4«  January  22,  1973® 
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CONTOURING  PROGRAMS 


The  coatourlng  prograas  were  used  to  generate  plots  of  reflectance 
contours  around  the  Monterey  Peninsula  as  shown  in  Figure  14  as  well 
as  other  California  sites.  Briefly,  this  contouring  process  requires 
the  following  steps. 

1.  Spectral  Channel  Selection  - A Specific  rectangular  area  within 
the  1024  X 1024  scene  can  be  selected  during  the  sanpllng  process. 
The  contouring  program  is  sized  to  accept  a maximum  of  4900  data 
points, 

2.  Area  Size  Selection  - By  appropriately  designating  the  saaq>ling 
rate,  areas  of  various  sizes  can  be  seleeted  for  contouring.  For 
example,  a 1024  x 1024  block  represents  a 46  x 46  km  area.  There- 
fore, a square  array  of  data  points  (64  points  long  on  each  side 
64  X 64  ■ 4096)  can  represent  the  full  scene  (46  x 46  km),  1/4  th 
scene,  1/8  th,  1/16  th  or  1/32  nd  depending  on  whether  a sastpllng 
rate  of  16,  8,  4,  2 or  1 is  selected. 

3.  Digital  Dump  Selection  - The  data  points  representing  the  area 
selected  are  punched  on  data  cards  and  may  also  be  dumped  on  the 
line  printer  foy  verification. 

4.  Data  Smoothing  - Once  a specific  data  block  has  been  selected,  a 
smoothing  program  is  used  to  operate  on  the  data.  This  involves 
using  multiple  regression  surface  fitting  technique  that  eliminates 
scattering  in  the  data  values.  This  approach  yields  a set  of  data 
values  which  when  contoured  will  reflect  large  area  sedimentation 
patterns  rather  than  localized  variations, 

5.  Annotation  Selection  - During  the  contouring  and  annotation 
process,  several  formatting  parameters  can  be  specified:  (a) 
a grid  is  superimposed  on  the  contours  and  may  be  located  to 
represent  latitude  and  longitude  lines;  (b)  the  ratio  of  physical 
distance  covered  by  equal  numbers  of  points  in  the  X and  Y 
directions  may  be  specified;  this  is  useful  in  working  with  bulk 
data  since  185  km  in  the  X direction  is  represented  by  3480  points 
while  only  2340  points  represent  185  km  in  the  Y direction.  This 
distortion  may  be  corrected  in  the  contoured  plot  by  simply  specify- 
ing this  ratio. 

A step  external  to  the  above  process  was  incorporated  in  the  generation 
of  the  contours  shown  in  Figure  15.  This  consisted  of  using  spectral  band 
7 as  a reference  to  generate  the  shoreline.  The  characteristics  of  this 
band  are  such  chat  the  reflectance  levels  of  land  features  are  significantly 
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higher  in  value  than  reflectance  levels  of  water  features  (t3fpically,  water 
reflectivity  value  range  Is  0 to  3 and  land  reflectivity  values  range  fr«B 
11  to  15) » therefore  the  shoreline  can  be  easily  discerned.  A digital 
printout  of  band  7 was  used  to  locate  the  shoreline  on  a slnilar  printout 
of  the  identical  area  in  band  4.  The  land  mass  was  then  masked  and  assigned 
a large  reflectance  value  that  would  produce  a distinct  contour  in  the  final 
output. 

APPLICATIONS 

Numerous  potential  sites  along  the  California  coast  are  being  considered 
for  coastal  or  river  construction.  Although  each  site  requires  a thorough 
ground  survey,  it  is  evident  that  analysis  of  BETS  imagery  results  in 
valuable  input  to  etn  overview  of  the  coastal  dynamics.  1%e  possible  effect 
of  a dam  on  California's  Mad  River  is  a good  example.  A study  by  the  Corps 
of  Engineers  of  the  ocean  beaches  in  the  vicinity  of  the  Mad  River  mouth 
(near  Humboldt  Bay,  California)  was  made  with  the  purpose  of  developing  a 
conceptual  model  of  the  coastal  processes  in  the  area  and  forecasting  the 
effects  of  a proposed  upriver  dam.  Included  in  the  Mad  River  analysis  was 
an  interpretation  of  ERTS  imagery  for  seasonal  changes  in  nearshore  currents 
and  sediment  transport.  This  interpretation  resulted  in  knowledge  of  details 
of  offshore  as  well  as  nearshore  surface  dynmiics.  As  ERTS  coverage  con- 
tinues, it  will  be  possible  to  build  accurate  and  comprehensive  historical 
records  for  such,  sites.  In  many  studies,  this  type  of  historical  data  is 
not  available  fof  use  in  monitoring  existing  coastal  phenomenon  or  for 
planning  future  coastal  modifications. 

Some  of  the  projects  along  the  California  coast  for  idilch  large  sums 
of  money  are  spent  yearly  by  the  Corps  of  Engineers  are:  dredging,  harbor 
design  and  development,  placement  of  groins  and  shore  protection  projects. 
Since  the  first  Corps  project  in  California,  the  improvement  of  San  Diego 
Harbor  in  1852,  there  has  been  a continued  variety  of  coastal  improvement 
programs.  The  dredging  of  Santa  Cruz  Harbor,  Ventura  Marina,  Channel 
Island  Harbor  and  Oceanside  Harbor  currently  costs  $1.5  million  per  year. 

The  placement  of  groins  along  Newport  Beach  was  a $2-milllon  project. 
Maintenance  of  Huadioldt  Bay  waterway  presently  runs  about  $100,000  per 
year  and  a recent  reconstruction  of  the  bay  protective  structure  cost 
about  $10  million.  It  is  not  presumed  that  all  these  dollars  will  be 
saved  by  the  ■aeat  data  from  the  ERTS  study,  but  it  is  expected  that  the 
resulting  nearshore  processes  information  will  result  in  more  effective 
use  of  the  dollars  spent.  Eor  example,  the  placement  of  new  breakwaters, 
if  warranted  from  the  study  of  sediment  transport,  could  eliminate  or 
reduce  the  dredging  costs  of  port  facilities.  The  analysis  of  riverine 
discharge  might  result  in  plans  to  eliminate  or  reconsider  upriver  water- 
way construction  resulting  in  a continual  supply  of  sediment  for  the  beach 
areas.  This  study  will  also  benefit  the  public  by  providing  information 
for  the  engineering  of  new  harbor  or  beach  protective  eonstructlon  that 
will  reduce  storm  drainage  costs  tb  private  and  public  facilities. 
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In  addition  to  the  utilization  of  ERTS  data  in  the  Mad  River  study, 
the  Corps  of  Engineers  has  applied  preliminary  ERTS  data  to  a study  of 
the  Russian  River  beaches  to  determine  erosion  and  environmental  effects 
due  to  possible  losses  of  sand  transport.  In  the  West  Coast  Deepwatex 
Port  Facilities  Study  ERTS  imagery  was  found  effective  in  the  analysis 
of  environmental  effects  that  could  accompany  oil  spills,  thereby  allowing 
the  positioning  of -proposed  anchorage  sites  to  minimize  environmental  damage. 
The  cooperative  study  of  the  Salinas  River  watershed  area  has  been  using 
ERTS  to  determine  the  distribution  of  contaminates  from  the  river  in 
Monterey  Bay  and  the  California  Coastal  Commission  is  utilizing  our  ERTS 
reports  for  long  range  planning  of  the  coastal  zone.  From  remote  sensing 
data  derived  from  ERTS  as  well  as  aircraft,  the  most  effective  positioning 
of  the  dredged  material  from  the  maintenance  dredging  of  Crescent  City 
Harbor,  California,  was  determined.  These  are  only  a few  of  the  applications 
for  which  ERTS  data  have  been  utilized. 

An  Important  Federal  application  of  ERTS  to  be  realized  in  the  near 
future  is  in  conjunction  with  the  dredged  material  disposal  studies  where 
the  surface  distribution  of  heavy  metals,  pesticides  and  organics  that  are 
present  in  silt  and  clay  matrices  can  be  forecested;  and,  with  other  types 
of  monitoring,  the  possible  environmental  effects  will  be  resolved.  This 
sane  type  of  application  is  appropriate  for  stream,  river,  estuarine  and 
outfall  effluent  monitoring. 

Flnetlly,  with  ERTS-A  data  covering  the  monthly  and  seasonal  variations 
of  the  nearshore  currents  as  well  as  with  possible  future  satellite  data, 
the  computer  programs  designed  to  analyze  littoral  drift  along  the  California 
coast  ^11  be  modified  to  Include  the  nearshore  seasonal  current  drift  com- 
ponent necessary  to  Increase  the  accuracy  of  sand  transport  prediction. 

CONCLUSIONS 

The  objectives  of  this  study  have  been  to  analyze  nearshore  currents, 
sediment  transport,  and  estuary  and  river  discharges  along  the  California 
coast  through  the  use  of  Imagery  from  the  ERTS  satellite.  During  ERTS 
overpasses,  airborne  and  sea  truth  data  have  been  collected  for  comparing 
and  confirming  details  of  nearshore  processes  that  are  detected  on  ERTS 
imagery. 

The  major  conclusions  that  have  been  described  in  this  paper  are  as 
fallows:  Cl)  Distinct  seasonal  patterns  for  sediment  transport  as  a 
function  of  ocean  current  systems  and  coastal  morphology  are  being 
Identified.  (2)  Large  scale  sediment  plumes  from  intermittent  streams 
and  rivers  extend  offshore  to  heretofore  unanticipated  ranges.  Areas 
where  these  plumes  contain  possible  contamination  from  on-land  activities 
can  be  traced  in  detail . (3)  Computer  generated  contouring  of  radiance 

levels  from  NASA-CCT,  result  in  charts  that  can  be  used  in  the  determination 
of  surface  and  nearsurface  suspended  sediment  distribution.  (4)  Flying 
Spot  Scanner  enhancements  result  in  excellent  detailing  of  nearshore 
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features  and  (5)  Data  ftom  this  study  is  providing  slgnlf leant  Infor- 
natlon  for  coastal  planning  and  construction  projects. 
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Paper  M 8 


THE  UTILIZATION  OF  ERTS-1  DATA  FOR  THE  STUDY  OF  THE  FRENCH 
ATLANTIC  LITTORAL 

Pierre  G.  Demathjeu  (Institut  Geographique  National)  ami  Fernand  H.  Verger 
(Laboratoire  tie  Geomorphologle),  Paris,  France 


ABSTRACT 

The  French  Atlantic  Littoral  (FRALIT)  programme  uses 
ERTS-1  data  to  study  coastal  geomorphology  and  waters. 
ERTS-1  gives  an  overall  picture  of  the  phenomena  for 
the  first  time  due  mainly  to  channel  4 data,  but  the  other 
channels  also  contribute  valuable  complementary  data  on 
superficial  waters.  These  studies  have  already  resulted 
in  accurate  maps  of  the  mud  transported  south-westwards 
from  the  mouth  of  the  River  Loire, 


1.  The  Objectives  of  the  FRALIT  Programme. 

The  FRALIT  programme  is  concerned  with  the  study  of  the  French 
Atlantic  coastal  regions  and  these  investigations  of  shoreline  pheno- 
mena cover  not  only  marine  waters  and  currents  and  the  sediments 
they  transport  but  also  the  land  regions,  coastal  sediments,  sea 
marshes,  and  the  foreshore  zone. 

2.  The  Investigators  and  their  Equipment. 

The  following  expert  groups  are  participating  in  these  studies: 

(a)  Geomorphological  Laboratory,  Ecole  Pratique  des  Hautes  Etudes, 
directed  by  Prof.  F.  Verger,  which  has  headquarters  in  Paris  and  a 
laboratory  in  Dinard,  Brittany. 

(b)  Institut  G6ographique  National,  Paris,  particularly  its  Remote 
Sensing  Service  directed  by  Mr.  P.  Demathieu,  together  with  assistance 
from  other  groups  such  as  the  Data  Processing  Service  as  well  as  the 
Aerial  Surveys  Department  which  maintains  12  aircraft  including  a 
Falcon  Jet  Mystere  20  specially  equipped  for  remote  sensing. 

(c)  Pedology  Laboratory,  University  of  Poitiers,  directed  by  Professor 
J.  Dupuis. 

(d)  Geographical  Laboratories  of  the  University  of  Nantes  and  the 
University  of  Amiens  directed  respectively  by  Mr,  Pinot  and  Mr.  Regrain. 

A wide  range  of  facilities  are  thus  available  to  the  research  team  and  in 
addition  it  has  access  to  computers  and  stations  in  the  field  as  well  as 
aircraft  and  photographic  processing  laboratories. 
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3.  Investigation  Procedures. 


In  the  preliminary  studies  attempts  were  made  to  use  all  possible 
methods,  including  both  normal  visual  photointerpretation  and 
photographic  and  optical  data  processing  procedures,  e.  g.  equi* 
densities,  densitometry,  construction  of  a colour  display  console, 
as  well  as  digital  processing.  This  first  phase  lasted  from  November 
1972  when  the  first  images  were  received,  until  September  1973. 

Since  then  attempts  have  been  made  to  make  more  intensive  use  of 
those  techniques  which  seemed  to  be  the  most  promising,  particularly 
digital  data  processing.  The  first  programmes  dating  from  April 
1973,  when  the  first  computer  compatible  tapes  were  received,  were 
simple  ones . They  were  written  for  channel  by  channel  statistical 
comparisons,  correlation  studies  of  pairs  of  channels  and  listings  showing 
a single  zone  as  imaged  by  a single  channel,  or  several  channels  combin- 
ed in  a previously  defined  manner.  We  are  now  writing  more  complex 
programmes  using  training  processes,  e.  g,  a training  phase  supervised 
by  field  data  and  an  unsupervised  phase  for  studying  the  structure  of 
the  spatial  data.  We  have  also  specially  processed  the  data  for  water 
regions  and  we  hope  to  be  able  to  establish  a correlation  between  the 
variations  of  the  derivative  of  the  spectra,  the  turbidity  stratification 
and  the  bathymetric  contours,  but  we  have  not  yet  made  sufficient 
progress  to  present  any  results. 

4.  Results 


The  study  of  ERTS-1  Images  has  enabled  us  to  make  digital  maps  of 
various  geographical  elements  on  the  continent  using  their  spectra  but, 
in  general,  the  results  could  have  been  obtained  by  normal  methods. 
ERTS-1  data  are  also  useful  for  up-dating  or  renewing  the  existing 
cartography. 

On  the  other  hand,  ERTS-1  data  have  been  shown  to  be  a completely 
novel  way  of  investigating  dynamic  sedimentology  processes  occurring 
all  along  the  French  coastline  included  in  the  PRALIT  programme. 

Up  to  the  time  the  ERTS-1  data  arrived  we  only  had  rather  incomplete 
information  on  the  turbidity  of  the  coastal  waters.  The  light-sensitive 
seaweeds,  e.g.  lamina riae,  on  the  rocky  bottom  of  the  Loire  estuary, 
do  not  grow  more  than  10-15  metres  below  the  lowest  waters  and  are 
evidence  of  the  strong  turbidity  of  the  waters  in  that  region.  Sporadic, 
non-simultaneous  and  discontinuous  observations  had  earlier  been 
made  with  the  Secchi  disks,  but  only  in  fine  weather,  which  resulted 
in  an  imperfect  survey  of  the  turbidity  distribution. 

The  ERTS-1  satellite  produced  the  following  important  images  in  a 
cloudless  sky  of  the  South  Brittany  coastal  regions; 

A:  25  September  1972  10  66  10  294 

B;  8 March  1973  12  28  10  305 

C:  9 March  1973  12  29  10  363 


This  material  is  particularly  interesting  because  images  A and  B, 
although  taken  nearly  six  months  apart,  enabled  us  to  view  the  same 
region  under  similar  tidal  conditions,  i.e.  end  of  ebb  tide  at  the  time 
of  strong  spring  tides  (coefficients  0. 92  and  1 . 00  respectively)  and 
similar  meteorological  conditions,  i.e.  NE  winds,  anticyclone  (pres- 
sure 1025  and  1036  mb  respectively).  However,  for  image  A the  Loire 
was  at  extremely  low  water  (river  flow  135  cubic  metres/sec)  whereas 
for  image  B the  Loire  was  at  the  end  of  a flood  period  (river  flow 
800  cubic  metres/sec). 

A comparison  of  images  B and  C obtained  on  two  consecutive  days 
imder  somewhat  similar  hydrological  and  meteorological  conditions 
enabled  us  to  study  the  turbidity  front  off  the  Loire  estuary.  The  two 
pairs  of  ; nmltispectral  images  on  all  four  MSS  channels  were  of 
sufficiently  good  quality  for  us  to  make  the  following  deductions: 

1.  The  Loire  gives  rise  to  a 12km  plume  beyond  St-Nazaire  during 
low  water  and  to  a 100  km  plume  when  in  flood.  Channels  4 and  5 
were  used  to  determine  turbidity  which,  being  very  strong,  completely 
masked  the  bottom  response  . There  was  no  correlation  whatsbever 
between  the  bathymetric  contours  and  the  channel  4 and  5 data  anywhere 
in  the  strong  turbidity  zone.  Beyond  that  region  the  sea -bottom  was 

so  deep  that  it  could  not  even  contribute  to  the  image  on  MSS  channel  4. 
Fig.  1 shows  the  distribution  of  the  turbidity  regions  as  well  as  the 
sea  currents  at  the  time  the  image  was  obtained  and  also  an  hour 
beforehand. 

2.  The  sea  currents,  as  shown  on  images  A and  B,  carry  sediments 
coming  from  the  Loire  away  towards  the  south-west,  in  addition, 
these  currents  also  reactivate  the  sediments  on  the  tidal  flats  of 
Bourgneuf  Bay  supplied  during  rising  tide  by  the  material  already 
brought  from  the  Loire.  The  general  migration  towards  the  south- 
west is  also  accompanied  by  complex  motions  around  Noirmoutier 
Island,  where  some  of  the  sediments  pass  around  the  northern  end 
of  the  island  whilst  the  rest  pass  by  tiie  narrow  Fromentine  Inlet 
and  spread  out  in  a plume  oyer  a large  part  of  the  Fromentine  tidal 
delta.  This  sedimentary  plume  is  much  less  noticeable  when  the 
Loire  has  not  been  flowing  fast  prior  to  the  period  when  the  image 
was  taken. 

3.  One  can  see  a real  turbidity  front  on  the  MSS  channel  4 data, 
which  corresponds  to  depths  of  about  50  metres  without  there  being 
any  real  link  between  the  isobath  and  the  iso -turbidity. 

5.  Conclusion. 

We  could  have  also  mentioned  other  analyses  but  we  decided  to  limit 
ourselves  here  to  an  account  of  studies  carried  out  in  a single  region 
on  a well-defined  topic  for  which  ERTS-1  has  provided  data  which 
would  have  been  impossible  to  obtain  by  normal  methods . 
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Paper  M 9 

ERTS  IMAGERY  APPLIED  TO  ALASKAN  COASTAL  PROBLEMS 

F.  F.  Wright,  Marine  Adv/sory  Program,  University  ofAiaska,  142 E.  ^d Avenue,  Anchorage,  A iaska 
99501,  G.  D.  Sharma,  D.  C.  Burbank,  institute  of  Marine  Science,  University  of  Aiadta,  Fairbanks, 
Aiaska  99701,  and  J.  J.  Bwns,  Alaska  Dept  of  Fish  and  Game,  ISOOCoiiege  Road,  Fairbanks, 
Aiaska  99701 


ABSTRACT 

Along  the  Alaska  coast,  surface  water  circulation  is  relatively  easy  to 
study  with  ERTS  imagery.  Highly  turbid  river  water,  sea  ice,  and  fluvial  ice 
have  proven  to  be  excellent  tracers  of  the  surface  waters.  Sea  truth  studies 
in  the  Gulf  of  Alaska,  Cook  Met,  Bristol  Bay,  and  the  Bering  Strait  sirea  have 
established  the  reliability  of  these  tracers.  ERTS  imagery  in  the  MSS  4 and  5 
bands  is  particularly  useful  for  observing  lower  concentrations  of  suspended 
sediment,  while  MSS  6 data  is  best  for  the  most  ccmcentrated  plumes.  Where 
satellite-synchronous  sea  truth  was  available,  optical  density  slicing  techniques 
have  been  developed  to  permit  the  quantitative /discrimination  of  suspended  sedi- 
ment concentrations.  Ice  features  are  most  clearly  seen  on  MSS  7 ims^ery; 
fracture  patterns  and  the  movement  of  specific  floes  can  be  used  to  map  circu- 
lation in  the  winter  when  runoff  is  restricted,  if  appropriate  allowance  is  made 
for  wind  influence.  Current  patterns  Interpreted  from  satellite  data  are  caily 
two-dimensional,  but  since  most  biological  activity  and  polluticai  are  concen- 
trated near  the  surface,  the  information  developed  can  be  of  direct  utility.  De- 
tails of  Alaskan  inshore  circulation  of  importance  to  coastal  engineering,  navi- 
gation, pollution  studies,  and  fisheries  development  have  been  clarified  with 
satellite  data.  ERTS  has  made  possible  the  analysis  of  circulation  in  many  parts 
of  the  Alaskan  coast  which  were  extremely  difficult  to  stu<fy  using  standard 
oceanographic  techniques. 


(Paper  not  available  at  time  of  printing) 
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Paper  M 10 


MONITORING  ARCTIC  SEA  ICE  USING  ERTS  IMAGERY 

James  G.  Barnes  and  Clinton  J.  Bowley,  Environmental  Research  and  Technology,  Inc.,  Lexington, 
Massachusetts  02173 


ABSTRACT 


Because  of  the  effect  of  sea  ice  on  the  heat  balance  of  the 
Arctic  and  because  of  the  expanding  economic  interest  in 
arctic  oil  and  other  minerals,  extensive  monitoring  and 
further  study  of  sea  ice  is  required.  The  application  of 
ERTS  data  for  mapping  ice  is  evaluated  for  several  arctic 
areas,  including  the  Bering  Sea,  the  eastern  Beaufort  Sea, 
parts  of  the  Canadian  Archipelago,  and  the  Greenland  Sea. 
Interpretive  techniques  are  discussed,  and  the  scales  and 
types  of  ice  features  that  can  be  detected  are  described. 
For  the  Bering  Sea,  a sample  of  ERTS  imagery  is  compared 
with  visual  ice  reports  and  aerial  photography  from  the 
NASA  CV-990  aircraft. 


INTRODUCTION 


Nearly  a decade  ago,  relatively  low  resolution  video  imagery  from  earth 
satellites  was  already  being  used  to  acquire  useful  information  on  arctic 
sea  ice  distributions.  In  fact,  it  was  at  that  time  that  Fletcher  (1966) 
stated  that  the  "observational  barrier"  in  the  Arctic  was  crumbling  pri- 
marily under  the  impact  of  satellite  observation  systems.  Now,  ERTS-1  is 
providing  multispectral  data  at  a resolution  that  has  not  previously  been 
available.  Techniques  being  developed  using  ERTS  data  will  lead  even- 
tually to  the  use  of  operational  satellite  systems  to  collect  ice  data  on 
a far  more  complete  and  economical  basis  than  has  heretofore  been  possible. 


The  requirement  for  extensive  monitoring  and  study  of  sea  ice  is  emphasized 
by  recent  interest  in  the  economic  exploitation  of  arctic  regions.  Explor- 
ation for  oil  and  other  minerals  will,  in  itself,  require  increased  shipping 
in  arctic  waters,  demanding  increasingly  accurate  ice- condition  forecasting. 
The  modem  demands  of  the  Canadian  ice  advisory  service  are  summarized  by 
Markham  (1973) . 


Detailed  scientific  study  of  sea  ice  is  being  accomplished  through  efforts 
such  as  Project  AIDJEX,  the  Arctic  Ice  I^amics  Joint  Experiment,  the  pur- 
pose of  which  is  to  gain  a quantitative  understanding  of  the  interaction 
between  the  fields  of  motion  of  the  atmosphere,  the  pack  ice,  and  the  liquid 
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ocean. (Division  of  Marine  Resources,  1970).  Several  scientists  have  pointed 
out  that  because  of  the  critical  effect  of  sea  ice  on  the  heat  balance  of 
the  Arctic,  the  amount  of  ice  may  be  an  important  and  possibly  a key  factor 
in  the  climate  of  the  northern  hemisphere  (Fletcher,  1966;  Maykiit  ahd  Un- 
tersteiner,  1969;  and  Committee  on  Polar  Research,  1970) . In  another  report, 
Fletcher  (1968)  states  that  the  seasonal  patterns  of  surface  heat  exchange 
over  oceanic  regions,  which  are  directly  related  to  ice  distribution,  are 
the  most  important  factors  to  monitor  in  both  the  Arctic  and  Antarctic. 


APPLICATION  OF  SATELLITE  DATA 


Since  the  time  of  FletcherVs  remarks  concerning  the  impact  of  satellite 
observations  on  the  Arctic,  numerous  studies  have  been  conducted  to  develop 
techniques  to  apply  satellite  data  to  marine  resources  problems.  Studies 
such  as  those  reported  by  McClain  and  Baliles  (1971)  and  Bames,  Chang,  and 
Willand  (1972)  have  demonstrated  that  useful  ice  information  could  be  de- 
rived from  the  visible  and  thermal  IR  measurements  made  by  existing  mete- 
orological satellites.  Now,  through  the  improved  NOAA-2  operational  system 
even  greater  use  of  spacecraft-acquired  data  for  sea  ice  analysis  is  being 
made  (McClain,  1973;  Wiesnet,  1973). 


, This  paper  describes  an  investigation  to  evaluate  the  application  of  ERTS-1 
data  for  detecting  and  mapping  arctic  sea  ice.  The  specific  objectives  of 
the  investigation  were  to  determine  the  spectral  bands  most  suitable  for 
^ detecting  ice,  to  measure  the  scale  and  types  of  ice  features  that  can  be 
^4  detected,  and  to  develop  interpretive  techniques  for  differentiating  ice 
from  clouds  and  for  mapping  ice  concentrations.  Ice  features  have  been 
, mapped  for  several  arctic  areas,  including  the  Bering  Sea,  the  eastern 
^ Beaufort  Sea,  parts  of  the  Canadian  Archipelago,  and  the  Greenland  Sea. 
Preliminary  results  of  the  analysis  of  the  initial  ERTS  data  sample  from 
the  1972  late  summer  and  early  fall  seasons  have  been  presented  by  Bames 
and  Bowley  (1973a;  1973b). 

I, 

INURPRETIVE  TECHNIQUES  AND  IDENTIFICATION  OF  ICE  TYPES 


Ice  can  be  identified  in  all  of  the  MSS  spectral  bands  because  of  its  high 
reflectance  and  can  be  distinguished  from  clouds  through  a number  of  inter- 
pretive keys,  as  discussed  in  the  earlier  paper.  Experimentation  has  shown 
that  the  photographic  processing  of  prints  from  the  original  70  mm  negatives 
can  be  iii5)ortant  for  ice  detection,  since  exposures  selected  to  retain  detail 
in  bright,  snow-covered  land  areas  may  result  in  the  loss  of  significant  ice 
features.  Because  of  this,  much  of  the  data  analyzed  in  the  study  were 
reprocessed.  In  the  reprocessing  procedure,  the  images  were  usually  en- 
larged to  a scale  of  1:500,000;  this  scale  was  foimd  to  be  the  most  con- 
veinient  for  interpreting  ice  features.  Identification  of  ice  types  has 
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been  made,  based  on  variations  in  reflectance  and  the  shapes  and  sizes  of 
the  patterns.  Differences  in  reflectance  between  the  shorter  wavelength 
bands  (MSS-4  and  ^^S-5)  and  the  near-IR  band  (MSS- 7)  have  been  found  very 
useful  for  differentiating  ice  types  and  for  detennining  characteristics 
of  the  ice  surface.  For  example,  in  some  of  the  earliest  ERTS  images  from 
late  July  1972,  ice  in  Crozier  Channel  and  Kellett  Strait  along  the  coasts 
of  Prince  Patrick  and  Melville  Islands  (see  map.  Figure  1)  appears  very  dark 
in  the  MSS- 7 band.  Because  of  the  differences  in  reflectance  in  the  ^^S-4 
and  MSS-7  images,  these  areas  are  believed  to  be  areas  where  the  ice  surface 
is  covered  by  melt  water.  As  pointed  out  by  McClain  (1972),  even  a thin 
film  of  water  on  the  ice  can  cause  a sharp  drop  in  reflectance  in  the  near-IR 
portion  of  the  spectrum,  whereas  in  the  visible  the  reflectance  does  not 
change  significantly. 


An  even  more  striking  example  is  seen  in  imagery  of  the  same  area  in  late 
June  1973  (Figures  2 and  3).  On  this  date  daytime  temperatures  at  Mould 
Bay,  located  on  Prince  Patrick  Island,  are  reported  to  be  well  above  freez- 
ing, so  that  the  snow-cover  on  the  ice  is  quite  likely  melting.  Canadian 
ice  observers  who  have  overflown  these  areas  report  that  during  the  summer 
many  of  the  bays  and  inlets  are  characteristically  covered  with  considerable 
melt  water.  As  also  seen  in  Figure  3,  however,  within  the  areas  of  low 
reflectance,  the  ice  is  intersected  by  bright  linear  patterns,  many  of 
which  can  also  be  identified  in  the  imagery  from  the  previous  summer.  The 
interpretation  of  these  patterns  is  that  leads  or  cracks  too  small  to  be 
resolved  by  the  satellite  have  permitted  the  water  on  the  sea  surface  to 
drain  away;  in  the  vicinity  of  the  cracks,  which  develop  in  preferred  loca- 
tions from  year  to  year,  the  ice  becomes  drier  once  again,  and  the  reflec- 
tance in  the  near-IR  increases. 


The  use  of  ntultispectral  data  to  distinguish  between  puddled  areas  and  areas 
of  open  water,  and  to  identify  ice  type,  is  further  illustrated  in  Figures 
4 and  5.  In  these  images  showing  ice  along  the  east  coast  of  Greenland 
near  77®N,  distinct  differences  in  the  sea  ice  characteristics  in  the  two 
spectral  bands  can  be  seen.  The  ice  in  the  eastern  part  of  this  scene  ap- 
pears much  brighter  in  the  MSS-4  band  than  in  the  MSS-7.  Closer  to  the 
coast,  the  area  of  very  close  and  consolidated  pack  ice  has  a nearly  uniform 
reflectance  in  the  MSS-4  band,  whereas  in  the  ^SS-7  band  the  individual  ice 
floes  are  distinctly  brighter  than  the  surrounding  ice.  This  is  particularly 
evident  in  the  ice  adjacent  to  the  shore  lead,  which  appears  fairly  bright 
in  the  MSS-4  band,  but  is  nearly  black  in  the  MSS-7  band.  Because  this  is 
not  an  area  of  solid  ice  cover,  such  as  shown  in  the  previous  example,  the 
lower  reflectance  in  the  near-IR  is  presumably  due  to  brash  or  rotten  ice, 
where  water  is  on  and  around  the  ice  elements. 
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SEQUENTIAL  ICE  OBSERVATIONS 


Detection  of  Leads  in  the  Beaufort  Sea 


ERTS  imagery  from  several  passes  during  the  period  from  the  first  of  April 
through  mid-June  1973  covering  the  Beaufort  Sea  in  the  area  7 2-80 °N  and 
126-15G®W  has  been  examined.  This  area  contains  compact  (10/10)  and  very 
close  (9/10  to  less  than  10/10)  pack  ice,  but  even  in  the  early  April  data 
extensive  leads  can  be  seen,  some  being  as  much  as  180  km  or  more  in  extent. 
In  these  early  spring  images,  complex  patterns  are  evident,  with  newer 
leads  often  intersecting  older  refrozen  leads.  As  the  spring  season  pro- 
gresses, the  pack  ice  undergoes  defoirmation  from  large  ice  fields  into 
smaller  ice  floes. 


In  the  imagery  of  1 April,  a large  lead  that  is  about  50  km  wide  at  the 
widest  point  exists  near  74®N,  140®W.  Distinct  tonal  variations  are  evi- 
dent within  the  lead.  The  differences  in  tone  can  be  distinguished  in  both 
the  visible  and  near- 1 R spectral  bands,  and  are  presumably  representative 
of  the  gradual  re  free  zing  of  the  lead  through  formation  of  grey  and  grey- 
white  ice.  Twenty  days  later,  on  21  April,  the  same  lead  can  be  seen, 
although  it  has  narrowed  considerable  to  a maximum  width  of  only  20  km. 

On  this  date,  the  entire  lead  appears  to  contain  grey-white  ice.  Within 
the  grey-white  ice,  small  shearing  leads  are  visible;  the  dark  tone  of  these 
features  indicates  either  open  water  or  nilas  ice.  Finally,  in  an  image 
of  7 May,  the  lead  can  barely  be  distinguished  as  only  a very  small  dif- 
ference in  reflectance  is  detectable  between  the  refrozen  lead  and  sur- 
rounding ice. 


Mapping  Ice  Changes  in  the  Eastern  Beaufort  Sea 


Ice  movement  and  deformation  in  the  eastern  Beaufort  Sea  near  Prince 
Patrick  Island  and  the  mouth  of  M'Clure  Strait  can  be  mapped  throughout 
the  spring  season  thix)ugh  use  of  ERTS  imagery.  Early  in  the  spring,  in 
imagery  on  8,  10,  11,  and  28  April,  a quasi-permanent  flaw  lead  can  be 
observed  just  west  of  Prince  Patrick  Island.  The  lead  separates  fast  ice 
along  the  coast  and  in  M’Clure  Strait  from  pack  ice  to  the  west.  In  the 
April  imagery,  all  land  and  ice  surfaces  are  snow  covered  and,  therefore, 
appear  smooth.  The  images  for  8 April  and  11  April  are  shown  in  Figures 
6 and  7. 


Significant  changes  in  the  configuration  of  the  lead  can  be  mapped  from 
the  imagery.  On  the  8th,  the  maximum  width  of  the  lead  is  4 km;  two  days 
later,  it  has  widened  to  a width  of  10  km  near  Prince  Patrick  Island  and 
almost  30  km  at  M'Clure  Strait;  one  day  later,  on  the  11th,  the  maximum 
width  is  as  much  as  35  km.  Later  in  the  month  the  widening  continues,  so 
that  on  28  April  the  lead  is  as  as  50  km  wide.  As  the  lead  opens,  new 

ice  formation  is  also  evident.  On  the  10th  and  11th,  the  low  reflectance 
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indicates  the  formation  of  grey  ice,  whereas  on  the  28th  the  higher  re- 
flectance in  the  western  portion  of  the  lead  indicates  that  much  of  the 
ice  has  become  grey-white.  On  each  date  the  area  of  new  ice  formation  is 
along  the  immediate  eastern  edge  of  the  lead.  Ice  floes,  judged  to  be 
either  first-year  or  multi-year  ice  because  of  their  hi^  reflectance,  are 
also  embedded  in  the  newer  ice  within  the  lead. 


The  same  area  can  be  observed  again  in  imagery  on  2 and  3 May.  luring  the 
short  interval  since  the  previous  observation  (28  April) , ice  conditions 
have  changed  dramatically.  The  lead  has  now  closed  in  again  and  is  full 
of  ice  floes,  with  very  little  grey  or  grey-white  ice  evident.  Changes 
continue  to  take  place,  and  by  the  next  ERTS  cycle  (17  May)  the  lead  has 
once  again  reopened  in  the  area  south  of  Prince  Patrick  Island.  In  these 
three  observations,  the  formation  of  a giant  floe  (more  than  150  km  across) 
can  also  be  traced.  The  floe  develops  from  fractures  that  can  be  detected 
on  the  2nd  and  3rd  of  May,  and  can  be  identified  in  later  data  on  20  May 
and  6 June.  By  the  last  date,  the  floe  has  become  surrounded  by  a broken 
ice  field  containing  much  smaller  floes,  and  surface  features  can  now  be 
seen  on  the  floe. 


Monitoring  Ice  Deterioration  in  Amundsen  Gulf  and  MVClure  Strait 


Through  repetitive  ERTS  coverage  during  mid- June,  ice  deterioration  can  be 
monitored  in  Amundsen  Gulf  and  McClure  Strait.  On  10,  12,  and  13  June  the 
eastern  part  of  Amundsen  Gulf  is  observed,  and  on  16,  18,  and  20  June  M’Clure 
Strait  is  observed.  In  both  areas  the  ice  appears  to  be  in  a state  of  rapid 
deterioration.  The  ice  surface  is  covered  with  various  patterns  indicative 
of  puddling  and  thawing,  and  ice  breakup  is  occurring  in  Amundsen  Gulf  and 
at  the  western  end  of  M’Clure  Strait.  Shore  polynyas  exist  along  Banks 
Island,  particularly  at  the  mouths  of  the  rivers.  In  Amundsen  Gulf,  the 
movement  of  ice  floes  over  the  4-day  period  can  be  observed.  Surface  weather 
charts  indicate  that  temperatures  throughout  the  Canadian  Northwest  rose 
well  above  freezing  during  the  month  of  June. 


CORRELATION  BETWEEN  ERTS  IMAGERY  AND  AERIAL  ICE  OBSERVATIONS 


The  Bering  Sea  Expedition  (BESEX)  presented  an  opportunity  to  correlate  ERTS 
imagery  with  aerial  observations,  both  in  the  form  of  visual  ice  reports 
and  aerial  photography.  BESEX,  a joint  effort  between  the  USA  and  USSR,  was 
conducted  during  the  period  from  mid-Febraary  through  early  March  1973.  The 
primary  area  of  interest  extended  southward  from  St.  Lawrence  Island  to  be- 
yond the  edge  of  the  pack  ice.  During  the  experiment  some  14  flights  were 
made  by  the  nASk  CV-990  aircraft,  operating  out  of  Elmendorf  Air  Force  Base 
in  Anchorage;  on  all  flights  numerous  on-board  experiments  were  conducted 
including  nearly  continuous  vertical  viewing  aerial  photography. 
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During  the  BESEX  period  ERTS  data  were  collected  on  a total  of  four  passes 
over  the  Bering  Sea.  On  two  dates,  27  and  28  February,  the  ERTS  passes 
crossed  the  easternmost  part  of  the  Bering  Sea  in  the  Nunivak  Island  area;  on 
6 and  7 March,  the  passes  crossed  St.  Lawrence  Island  and  the  prime  BESEX 
area  of  interest.  In  the  ERTS  imagery  of  6 March,  a portion  of  which  is 
shown  in  Figure  8,  an  area  of  low  reflectance,  apparently  grey  ice,  extends 
southward  fr<Mft  St.  Lawrence  Island.  Along  the  immediate  south  coast  of  the 
island,  a band  of  open  water  exists.  Over  the  open  water  small  streaks  of 
stratus  cloud  can  be  seen,  although  the  ice  to  the  south  appears  to  be  cloud- 
free.  To  the  north  and  to  the  southeast  of  St.  Lawrence  brighter  ice  floes 
exist,  surrounded  by  the  grey  ice.  Numerous  fractures  and  leads  cut  through 
the  bright  (first-year  and  multi-year)  ice  and  the  surrounding  grey  ice. 
Differences  between  the  apparent  grey  ice  and  the  older  ice  are  especially 
noticeable  in  the  MSS-7  imagery. 


Aerial  photography  of  a part  of  the  area  covered  by  the  ERTS  imagery  on  6 
March  (Figure  8)  is  shown  in  Figure  9.  Although  the  aerial  photographs  were 
taken  on  the  previous  day,  many  ice  features  in  the  photography  can  also  be 
detected  by  ERTS.  For  example,  areas  of  young  fast  ice  (grey  and  grey-white) 
as  small  as  about  200m  in  width  can  be  seen  along  the  coast  of  the  island; 
similarly,  numerous  shearing  leads  are  in  evidence.  In  fact,  it  appears  that 
all  of  the  significant  ice  features  visible  in  the  aerial  photography  can  be 
detected  in  the  ERTS  imagery. 


The  commentary  by  the  ice  observer  onboard  the  CV-990,  given  in  the  Naviga- 
tional Flight  Data  report,  is  also  in  remarkably  good  agreement  with  the  ice 
conditions  deduced  from  the  ERTS  data,  even  though  the  flight  is  a day  earlier. 
To  the  north  of  St.  Lawrence  the  observer  reports  generally  80%  first -year  and 
multi-year  ice  and  20%  grey  ice.  Where  the  observer  reports  simple  shearing 
leads,  leads  are  detectable  in  the  imagery.  Also,  the  north  coast  of  the 
island  is  reported  as  having  compacted  ice;  in  the  imagery,  the  ice  in  that 
area  does  appear  solid,  quite  different  from  the  ice  south  of  the  island. 


As  the  flight  approaches  the  western  end  of  St.  Lawrence  Island,  the  commen- 
tary indicates  that  the  amount  of  first -year  and  multi-year  ice  is  decreasing 
and  that  the  ice  ahead  is  mostly  grey  ice;  the  location  of  the  ice  boundary 
separating  these  different  ice  types  in  the  ERTS  imagery  corresponds  almost 
exactly  with  the  location  where  the  above  comment  was  made.  After  crossing 
the  island,  the  observer  reports  all  grey  ice  a few  days  old,  some  of  which 
has  undergone  deformation  in  the  form  of  stretching  to  the  southwest.  This 
observation  confirms  the  ice  type  deduced  from  the  ERTS  data;  furthermore, 
leads  indicative  of  stretching  of  the  ice  can  be  seen  in  the  imagery. 


The  ice  conditions  displayed  in  the  ERTS  imagery  on  7 March  are  very  similar 
to  those  of  the  previous  day.  On  the  7th,  however,  the  stratus  streaks  have 
increased,  obscuring  some  of  the  grey  ice  south  of  St.  Lawrence  Island. 
Farther  south  some  ice  features  can  be  detected,  but  much  cloudiness  exists. 
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One  segment  o£  the  CV-990  flight  on  this  day  follows  the  southern  boundary 
of  the  grey  ice,  an  area  that  is  cloud-free.  The  observer  reports  a vast 
expanse  of  grey  ice,  and  then  reports  running  into  a stratus  deck;  the  com- 
ment is  made  that  the  "stratus  streaks  are  due  to  open  water  along  the  south 
shore  of  St.  Lawrence."  Thus,  this  commentary  verifies  exactly  the  ice  and 
cloud  conditions  apparent  in  the  ERTS  imagery. 


CONCLUSIONS 


The  results  of  the  investigation  demonstrate  that  ERTS  imagery  has  substan- 
tial practical  application  for  monitoring  arctic  sea  ice.  Ice  features  as 
small  as  80-100m  in  width  can  be  detected,  and  the  combined  use  of  the  visible 
and  near-IR  imagery  is  a powerful  tool  for  identifying  ice  types.  In  the 
eastern  Beaufort  Sea,  the  combination  of  ERTS  orbital  overlap  and  a high  inci- 
dence of  cloud-free  conditions  during  the  spring  assures  a high  frequency  of 
repetitive  satellite  coverage.  With  this  repetitive  coverage,  the  deformation 
and  movement  of  ice  features  could  be  mapped  throughout  the  early  April  to 
late  June  period. 


Ice  features  that  can  be  identified  in  ERTS  imagery  include:  the  distinction 

between  grey,  grey-white,  and  older  forms  of  ice,  as  well  as  the  distinction 
between  ice  floes  and  surrounding  brash  ice;  the  growth  and  deterioration  of 
leads;  the  formation  of  new  grey  ice  within  leads;  the  deterioration  of  the 
ice  surface  as  evidenced  by  the  formation  of  puddled  areas  and  flooded  ice; 
linear  dry  areas  within  flooded  ice  fields  caused  by  the  drainage  of  melt- 
water; and  icebergs  embedded  in  fast  ice  or  close  pack  ice  detectable  by 
their  shadows. 


Data  from  ERTS  passes  crossing  the  Bering  Sea  in  early  March  have  been  com- 
pared with  ice  observations  collected  in  the  Bering  Sea  Expedition  (BESEX) , 

On  two  flights  of  the  NASA  CV-990  aircraft,  the  ice  conditions  in  the  vicinity 
of  St.  Lawrence  Island  reported  by  the  onboard  observer  are  in  remarkably 
close  agreement  with  the  ice  conditions  mapped  from  the  corresponding  ERTS 
imagery.  The  ice  identified  in  ERTS  imagery  and  substantiated  by  the  aerial 
observer  include  the  locations  of  boundaries  between  areas  consisting  of  mostly 
grey  ice  and  of  mostly  first  and  multi-year  ice,  the  existence  of  shearing 
leads,  and  the  occurence  of  open  water  with  the  associated  development  of 
stratus  cloud  streaks.  Moreover,  it  appears  that  essentially  all  of  the  signif- 
icant ice  features  near  St.  Lawrence  Island  visible  in  the  aerial  photographs 
taken  from  the  CV-990  can  also  be  detected  in  the  ERTS  imagery.  It  seems  en- 
tirely feasible,  therefore,  that  ERTS  imagery  could  be  used  to  replace  some 
currently  flown  aerial  surveys,  at  a considerable  cost  saving. 
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Figure  1 ^fep  of  Arctic  showing  area  from  eastern  Beaufort  Sea  to  Baffin  Bay 


Figure  2 ERTS  MSS-4  (visible)  image  showing  ice  in  Crozier  C3iannel 

and  Kellett  Strait  just  north  of  M'Clure  Strait,  18  June  1973 
(ID  No.  1530-20064).  Prince  Patrick  Island  is  at  the  left, 
Melville  Island  at  the  right. 


ERTS  MSS- 7 (near-IR)  image  corresponding  to  the  MSS-4 
image  shown  above.  Dark  patterns  in  the  near-IR  image 
are  related  to  surface  melt  water. 
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Figure  5 (right)  ERTS  MSS- 7 (near  IR)  image  corresponding  to  the  MSS- 4 image 
shown  above.  Note  the  differences  in  reflectance  of  ice 
features  as  compared  to  the  visible  data. 


Figure  7 ERTS  MSS- 7 image  showing  approximately  the  same  area  as  in 

Figure  6,  11  April  1973  (ID  No.  1262-20302).  Note  growth  of 
lead  and  formation  of  new  grey  ice  within  lead  that  has 
occurred  in  three- day  period. 
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Island.  Photographs  were  taken  by  NASA  CV-990  aircra: 
on  5 March  1973, 
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APPLICABILITY  OF  ERTS  TO  ANTARCTIC  ICEBERG  RESOURCES 

John  L.  Hull  and  Neill  C.  Ostrander*,  The  Rand  Corpotation,  Santa  Monica,  Cat.  90406 


ABSTRACT 


This  investigation  explores  the  applicability  of  ERTS  to 
(a)  determine  the  Antarctic  sea-ice  and  environmental 
behavior  that  may  influence  the  harvesting  of  icebergs, 
and  (b)  monitor  iceberg  locations,  characteristics,  and 
evolution.  Imagery  sampling  in  the  western  Antarctic 
between  the  Peninsula  and  the  Ross  Sea  is  used  in  the 
analysis.  It  is  found  that  the  potential  applicability 
of  ERTS  to  the  research,  planning,  and  harvesting  opera- 
tions can  contribute  importantly  to  the  glowing  promise 
derived  from  broader  scope  studies  for  the  use  of  Antarc- 
tic icebergs  to  relieve  a growing  global  thirst  for  fresh 
water.  Live  Antarctic  readout  will  permit  timely  acquisi- 
tion of  imagery  on  every  orbital  pass,  which  will  be 
necessary  to  achieve  adequate  glimpses  through  the  80  per- 
cent cloud  cover.  Thermal  sensor  bands  will  provide  covers 
age  in  daylight  or  darkness.  Several  years  of  comprehensive 
monitoring  will  be  necessary  to  characterize  sea-ice  and 
environmental  behavior  and  iceberg  evolution.  Live  ERTS 
services  will  assist  harvesting  control  and  claiming 
operations  and  offer  a means  for  harmonizing  entitlements 
to  iceberg  resources.  The  valuable  ERTS  services  will  be 
more  cost  effective  than  other  means  and  will  be  easily 
justified  and  borne  by  the  iceberg  harvesting  operations. 

INTRODUCTION 


This  investigation  uses  data  from  the  first  Earth  Resources  Technology 
Satellite  (ERTS-1)  [1]  to  determine  the  characteristics,  abundance, 
and  accessibility  of  Antarctic  iceberg  resources  and  also  to  evaluate 
the  potential  role  and  application  of  ERTS  types  of  sensing  systems  to 
the  future  harvesting  of  Antarctic  resources. 


Any  views  expressed  in  this  paper  are  those  of  the  authors.  They  should 
not  be  interpreted  as  reflecting  the  views  of  the  Rand  Corporation  or  the 
official  opinion  or  policy  of  any  of  its  governmental  or  private  research 
sponsors.  This  paper  is  derived  from  a condensation  of  AppZiedbitity  of 
ERTS  For  Sicrveying  Antarotia  Iceberg  Resources^  by  J.  L.  Hult  and  N.  C. 
Ostrander,  The  Rand  Corporation,  R-1354^NASA/NSF,  November,  1973.  The 
original  work  was  supported  jointly  by  NASA^s  ERTS  program  and  by  the 
Office  of  Exploratory  Research  and  Problem  Assessment  of  the  National 
Science  Foundation. 
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Preliminary  studies  of  broader  scope  have  exposed  the  potentially  attractive 
global  use  of  Antarctic  icebergs  for  fresh  water  and  cooling.  [2,3] 

As  population  soars  and  standards  of  living  increase,  the  fresh  water 
deficiencies  in  certain  areas  of  the  world  are  rapidly  becoming  acute. 

Those  areas  that  are  particularly  concerned  include  the  Pacific  South- 
west United  States,  and  parts  of  Mexico,  Chile,  Australia,  the  Middle 
East,  and  North  Africa.  In  some  of  these  arid  regions,  water  may  be 
available  by  transferring  it  from  river  basins  with  abundant  water  or  by 
desalting  seawater.  However,  the  costs  of  transferring  or  desalting, 
which  may  be  $100  or  more  per  1000  m?  (or  per  acre-ft)^  tend  to  put 
severe  limits  on  such  use. 

For  the  thirsty  areas  of  the  world,  the  possibility  of  using  Antarctic 
icebergs  as  a fresh  water  resource  might  become  a very  attractive  pros- 
pect. The  crucial  problem  is  to  devise  a technology  that  can  deliver 
melted  iceberg  water  at  much  less  cost  than  either  desalting  or  in ter - 
iptbasin  transfers,  while  at  the  same  time  ensuring  acceptable  environmental 
impact  of  such  operations. 

"^ie  idea  of  using  Antarctic  icebergs  has  been  considered  and  even  tried 
number  of  times  during  the  past  century.  Theoretically,  icebergs 
could  be  floated  to  any  point  accessible  by  a deep  water  route  (at  least 
m of  water  depth) . 


^*;^^he  abundance  of  icebergs  has  long  been  recognized  (annual  yield  of 
^^,^about  1,000,000  million  cubic  meters  or  1000  million  acre-ft).  If  a 
Wway  can  be  found  to  move  the  icebergs  and  control  their  melting  so  as 
^^^o  deliver,  say,  10  percent  of  the  annual  yield  economically,  this 
.^.Joperation  could  potentially  satisfy  the  water  demands  of  an  urban 
*^>^opulation  of  500  million  (with  a usage  of  200  per  person)  . The 
I potential  direct  economic  impact  of  fully  exploiting  10  percent  of  the 
annual  yield  is  estimated  to  be  as  much  as  $10  billion  annually. 

Past  exploration  of  the  Antarctic  has  Indicated  that  a major  portion  of 
the  sea  ice  that  forms  and  builds  up  during  the  dark  winter  months  thaws 
out  during  the  daylight  season.  By  March  of  each  year  most  of  the  tabular 
icebergs  naturally  formed  from  the  ice-shelf  discharges  are  accessible 
for  acquisition  and  export  operations.  Although  the  sea  ice  is  generally 
less  than  2 m thick  (compared  with  a few  hundred  meters  for  most  tabular, 
fresh  water  icebergs) , the  area  of  sea  ice  formed  and  thawed  each  year 
is  thousands  of  times  the  total  area  of  icebergs  and  about  ten  times  the 
mass.  Thus  sea  ice  is  a major  factor  to  contend  with  in  the  acquisition 
of  icebergs.  Its  moderating  influence  on  the  climate  (together  with  that 
of  the  continental  icecap)  is  so  dominating  over  that  of  the  icebergs  that 
little  climatic  effect  would  be  expected,  even  with  the  removal  of  most  of 
the  annual  iceberg  yield.  It  should  be  possible  to  process  icebergs  for 
high  quality  frtsh  water  and  thermal  pollution  abatement  without  adverse 
effects  on  the  global  or  Antarctic  climate. 


^An  acre-ft  of  water  is  a quantity  sufficient  to  cover  one  acre  with 
water  a foot  deep.  This  is  approximately  1,234  m^  = 1.234  k*m^. 
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In  order  to  get  a better  understanding  of  the  feasibility  of  moving 
icebergs  arid  controlling  their  melting,  a model  of  the  transport 
operations  from  the  Ross  Sea  to  Southe|:n  California  was  made.  The 
available  environmental  data  on  currents,  winds,  and  temperatures 
were  included  in  the  model.  Although  these  data  are  very  crude  and 
limited,  they  are  adequate  to  test  the  preliminary  feasibility.  The 
model  shows  that  the  transport  effort  required  need  not  be  very  sensitive 
to  the  winds,  can  benefit  from  the  currents  but  is  not  dependent  on 
them  for  feasible  operations,  is  not  too  sensitive  to  the  route  selected, 
and  will  require  insulation  of  the  icebergs  for  acceptable  surviyal  en 
route  to  the  Northern  Hemisphere.  The  Coriolis  forces,^  which  are 
proportional  to  the  momentum  (mass  x velocity)  and  the  sine  of  the 
latitude,  provide  the  principal  resistance  to  the  transport  operations. 

These  forces  are  applied  at  right  angles  to  the  velocity  and  require 
a large  fraction  of  the  transport  effort  to  counteract  their  effects, 
particularly  at  more  southerly  latitudes. 

The  cost  of  delivering  the  icebergs  will  be  determined  by  the  design 
of  the  transport  operations  and  the  configuration  of  the  iceberg 
"trains."  Narrow  trains  (300  to  600  m wide)'  are  desirable  because 
they  are  estimated  to  reduce  the  net  Coriolis  effects  on  the  icebergs. 

Also,  when  these  trains  are  propelled  at  an  angle  with  respect  to  the 
resultant  velocity,  they  can  more  effectively  obtain  "lift”  to  counter- 
act Coriolis  forces.  An  asymptotic  minimum  transport  effort  per  unit 
of  iceberg  is  approached  for  iceberg  "trains"  longer  than  about  20  km. 

Greater  lengths  increase  the  mass,  transport  resistance,  and  insulation 
costs  proportionately.  The  costs  of  insulation  can  be  estimated  without 
specifying  many  of  the  details  of  operational  techniques  for  applying 
the  insulation,  which  need  to  be  tested  by  experience.  Essentially,  the 
iceberg  surfaces  exposed  to  ablation  from  the  flowing  seawater  can  be 
wrapped  by  unrolling  plastic  film  that  is  designed  to  trap  pockets  of 
melt  water  to  form  a quilting  of  still  water  between  the  iceberg  and 
the  flowing  seawater.  Quilt-water  thicknesses  of  3 cm  will  limit  the  ice- 
berg melting  to  less  than  10  percent  per  year. 

The  operational  cost  of  delivering  a large  iceberg  train  (1.22  x 10^^  kg) 
to  California  on  a one-year  cycle  is  estimated  to  be  about  $8  per  1000  m^ 

($10  per  acre-ft).  It  is  also  estimated  that  designing  operations  for 
more  nearly  optimum  speed  or  better  train  configurations  will  not  sig- 
nificantly reduce  these  rates.  On  the  other  hand,  these  delivery  costs 
should  approximately  hold  for  a variety  of  operations  that  would  depart 
significantly  from  the  asymptotic  one  that  was  costed. 

The  conceptual  illustrations  in  Fig.  1 show  a possible  operational  configuration 
with  electrically  driven  propellers  distributed  along,  and  harnessed  to, 
the  train  convoy.  Also  shown  is  a possible  test  configuration  using  more 
conventional  tugs  to  pull  a small  three-piece  iceberg  train. 

^ Coriolis  forces  tend  to  deflect  an  object  moving  in  the  Northern 
Hemisphere  to  the  right  and  one  moving  in  the  Southern  Hemisphere  to 
the  left. 
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Possible  Operational  Configuration: 
train  length  — 20  km 
widths  - 600  m 
depths— 300  m 
tops  ^50  m above  water 


Electrically  driven,  shrouded  propeller  systems^ 
distributed  along  train  and  cable-hamessed  to 
Icebergs 


Escort  auxiliary  icebreaker  and 
general  support  ships 


Escort  nuclear  power  plant 
operating  on  leeward  side 
of  train 


Fig.  1 — Conceptual  illustrations 


Before  designing  and  developing  an  operational  system,  and  for  refining 
cost  estimates,  a test  program  with  icebergs  would  be  desirable  to: 
determine  the  nature  of  the  submerged  surfaces  of  tabular  icebergs;  test 
techniques  for  insulating  and  harnessing  icebergs;  measure  the  transport 
environment  and  performance;  determine  how  well  the  Coriolis  forces  can 
be  controlled;  and  test  the  performance  of  modeling  to  simulate  operational 
control  and  performance. 
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The  conversion  of  the  Icebergs  for  fresh  water  and  heat  sink  was  explored 
in  a very  preliminary  way  in  order  to  uncover  promising  concepts  and  to 
estimate  cost  limits  based  on  general  physical  principles.  This  explore^ 
tion  indicated  that  iceberg  conversion  to  fresh  water  at  sea  level  should 
be  achievable  in  a variety  of  ways  for  about  $8  per  1000  m^.  A preliminary 
engineering  study  and  comparison  of  the  more  promising  conversion  tech- 
niques is  needed  to  develop  better  cost  estimates  and  the  basis  for  the 
design  of  test  systems  for  evaluating  alternative  approaches  for  opera- 
tional systems. 

The  total  costs  of  Antarctic  iceberg  transport,  conversion  to  water,  and 
delivery  to  wholesale  distribution  terminals  in  coastal  areas  appear  to 
be  of  the  order  of  $24  per  1000  m^  ($30  per  acre-ft).  This  would  be  less 
costly  and  would  require  less  energy  expenditure  than  interbasin  water 
transfers  of  a few  hundred  kilometers  or  desalting  or  costly  water 
reclamation  operations.  Furthermore,  nuclear  energy  could  be  used,  thus 
eliminating  competition  for  fossil  fuel  resources.  Fresh  water  from  ice- 
bergs should  therefore  become  an  attractive  alternative  for  areas  close 
to  deep  seawater  access  routes. 

Before  any  large-scale  operational  use  of  Antarctic  icebergs  is  Implemented, 
there  should  be  a comprehensive  assessment  of  the  potential  societal  and 
environmental  impacts.  A preliminary  exploration  of  a variety  of  such 
factors  reveals  no  obvious  insurmountable  obstacle.  The  factors  to  be 
investigated  include:  the  international  acceptability  of  exploiting 

Antarctic  icebergs;  the  en  route  environmental  constraints;  the  accept^ 
ability  of  terminal  operations;  the  demand  for  iceberg  water  and  the 
integration  of  its  delivery  system  with  other  established  systems  for 
furnishing  fresh  water;  icebergs  as  reservoirs  and  recreation  areas;  and 
the  risk  involved  in  implementing  iceberg  water  resource  systems.  The 
more  avenues  that  are  explored,  the  more  promising  the  concepts  seem  to 
become.  However,  a more  refined  assessment  can  be  made  when  the  potential 
operations  become  better  defined,  and  when  specific  terminal  applications 
can  be  examined  in  detail. 

The  objectives  of  this  investigation  were  to  explore  the  applicability 
of  ERTS  to  (a)  determine  the  Antarctic  sea-ice  and  environmental  behavior 
that  may  influence  the  harvesting  of  icebergs,  and  (b)  monitor  iceberg 
locations,  characteristics  and  evolution.  A very  limited  imagery  sampling 
of  portions  of  the  western  Antarctic  was  scheduled  to  collect  data  on 
cloud-cover  obstruction,  the  capability  to  monitor  and  assess  sea-ice 
behavior,  the  ability  to  distinguish  and  measure  Iceberg  characteristics, 
and  the  general  topographic  surveillance  capabilities  of  the  ERTS  system 
in  the  Antarctic  environment.  The  results  from  ERTS-1  imagery  are  described 
in  the  next  section.  This  is  followed  by  a section  on  ERTS  system  potential 
which  treats:  live  imagery,  thermal  and  micro  wavelengths,  sea-ice  be- 

havior and  iceberg  evolution,  tactical  harvesting  information,  claiming  and 
monitoring  service,  entitlements  to  Antarctic  iceberg  resources,  and 
economical  potentials  for  ERTS. 
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RESULTS  FROM  ERTS-1  IMAGERY 


The  applicability  of  ERTS  for  surveying  Antarctic  iceberg  resources 
was  evaluated  by  studying  images  of  the  ocean  and  coastal  areas  of 
the  Western  Antarctic  between  the  Antarctic  Peninsula  and  the  Ross 
Sea.  The  test  site  was  bounded  by  the  four  coordinate  corners  in 
clockwise  order:  65°S,  160®E;  65°S,  75®W;  75^S,  75®W;  79°S,  160°E. 

Imagery  was  obtained  only  from  November  1972  through  March  1973.  No 
cloud-cover  limitations  were  specified,  and  imagery  from  bands  5 and 
7 of  the  Multispectral  Scanner  (MSS)  covering  wavelengths  of  0.6  to 
0.7  and  0.8  to  1.1  micrometers,  respectively,  was  used  in  the  analyses. 
Most  of  the  analyses  were  made  with  bulk  black  and  white,  9. 5- in. 
positive  paper  prints  of  band  7;  however  detailed  visual  measurements 
of  iceberg  surface  dimensions  were  made  from  70-mm  positive  transparencies 
which  were  readily  magnified  to  a scale  of  about  1:150,000. 

The  ERTS  systems  are  described  in  detail  in  the  Data  Users  Handbook,  [1] 
The  principal  deficiency  of  the  ERTS-1  experimental  system  for  this  in- 
vestigation was  the  lack  of  live  readout  in  the  Antarctic  which  could 
eliminate  delays  and  permit  much  more  imagery  collection  than  is  feasible 
by  storage  on  board  the  satellite.  Imagery  for  more  than  900  scenes  was 
interpreted  in  this  investigation.  The  scene  centers  were  plotted  on  a 
map  of  Antarctica  as  illustrated  in  Fig.  2.  They  were  fairly  well  dis- 
tributed over  the  originally  defined  test  area.  However,  the  analyses 
revealed  that  the  useful  coverage  (openings  in  cloud  cover)  was  s^potty 
both  geographically  and  temporally.  For  the  purposes  of  analysis  and 
to  facilitate  cataloging,  the  Antarctic  was  partitioned  into  sectors 
along  orbital  parallels  as  illustrated  in  Fig.  2. 

All  the  imagery  analyzed  was  obtained  during  the  period  from  16  November 
1972  to  27  March  1973  and  can  be  found  listed  in  Earth  Resovrces  Tech- 
nology Batellite^  Cwmlative  Uon-U.S.  Standard  Catalog  Eo.  E-9.  [4] 

Imagery  obtained  for  this  investigation  that  contained  useful  information 
other  than  cloud  coverage  has  been  described  and  submitted  to  the  Image 
Descriptor  Data  Bank  file  under  one  or  more  of  the  following  descriptors: 
Ice,  Sea  Antarctic;  Icebergs,  Antarctic;  Antarctic  Topography. 

CLOUD  COVER 


Previous  data  on  cloudiness  in  the  Southern  Hemisphere  indicate  a total 
cloudiness  that  reaches  maximum  values  in  the  coastal  regions  surround- 
ing the  Antarctic  continent.  [5]  Climatologically,  the  mean  cloudiness 
exceeds  80  percent  most  of  the  year  over  most  of  the  region  extending 
1000  km  north  of  the  coast.  Climatology  also  indicates  that  cloudiness 
is  the  most  extensive  during  the  daylight  season  when  it  persists  to  the 
high  interior  regions  of  the  Antarctic  with  50  percent  likelihood  as 
compared  with  perhaps  only  20  percent  during  the,  night  season.  The 
primary  area  of  interest  for  the  harvesting  of  iceberg  resources  is  in 
the  regions  of  drift  ice  where  cloud  cover  greater  than  80  percent  appears 
to  persist,  and  it  becomes  essential  to  determine  the  potential  utility 
of  sensors  that  must  exploit  openings  in  cloud  cover  as  well  as  to  examine 
the  characteristics  of  the  openings  themselves. 
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Cloud-cover  information  was  obtained  from  more  than  900  Antarctic 
scenes  that  were  interpreted  according  to  the  authors*  subjective 
estimation  of  the  fraction  of  the  scene  area  over  which  the  obscura- 
tion was  sufficient  to  degrade  the  ability  to  find  icebergs  and  to 
measure  their  dimensions  at  the  full  resolution  capability  of  the 
sensors.  These  interpretations  can  be  compared  with  the  cloud-cover 
values  assigned  to  more  than  2900  Antarctic  scenes  (including  those 
interpret^  in  this  study)  in  the  emulative  Standax*d  Cata- 

log No,  N-9,  [4]  Most  frequently  the  scene  areas  were  totally  obscured 
and  there  was  no  question  that  the  cloud  cover  was  complete.  Some  scene 
areas  had  very  thin  cover  through  which  the  general  nature  of  the  sea 
ice  below  could  easily  be  discerned,  but  the  contrast  needed  to  find 
imbedded  icebergs  and  measure  their  dimensions  was  obscured.  Such 
areas  were  interpreted  to  be  cloud-covered.  However,  any  scene  with 
90  percent  or  more  of  cloud  cover  through  which  a positive  determina- 
tion could  be  made  about  the  presence  or  absence  of  sea  ice  below  was 
arbitrarily  assigned  a value  of  90  percent  cloud  cover.  The  cloud 
cover  of  scenes  was  then  partitioned  into  categories  of  0-40,  50-80, 

90,  and  100  percent.  Some  of  the  tabulated  data  of  cloud  cover  over 
drift-ice  areas  within  the  study  test  site  are  illustrated  in  Fig.  3. 

They  are  tabulated  by  sector  and  sector  combinations  and  by  time  period 
and  time  period  combinations.  Also  the  cloud-cover  interpretations  as 
defined  for  this  study  are  compared  with  the  catalog  listings.  The 
catalog  listings  of  cloud  cover  are  the  routine  subjective  impressions  of 
the  processing  crew  that  was  operating  at  the  time;  they  do  not  represent 
any  precise  interpretation  of  any  particular  cloud-cover  definition, 
especially  for  the  highly  ambiguous  scenes  of  the  Antarctic  involving  so 
much  cloud  cover  over  the  snow  and  ice.  The  scene-to-scene  comparisons 
of  cloud  cover  by  the  interpretations  of  this  study  are  frequently  at 
great  variance  with  the  catalog  listings;  however,  the  averages  seem  to 
have  fairly  consistent  differences. 

The  season  average  of  cloud  cover  over  drift  ice  in  sectors  2 through 
6 as  interpreted  in  this  study  was  0.84.  The  corresponding  average  as 
obtained  from  the  catalog  listing  was  0.74.  The  season  average  of  cloud 
cover  over  fixed  ice  for  the  same  sectors  was  0.70  as  interpreted  in  this 
study  and  0.60  as  obtained  from  catalog  listings.  Similarly,  the  season 
average  of  cloud  cover  over  drift  ice  in  sector  1 as  interpreted  in  this 
study  was  0.91  whereas  the  corresponding  average  obtained  from  catalog 
listings  was  0.81.  Thus  the  averages  of  cloud  cover  as  interpreted  with 
the  definitions  of  this  study  are  about  0.1  greater  than  the  correspond- 
ing averages  obtained  from  the  catalog  listings.  From  the  data  it  is 
concluded  that  for  the  daylight  period  from  November  1972  through  March 
1973,  the  cloud  cover  over  most  of  the  drift-ice  areas  where  iceberg 
harvesting  operations  are  most  promising  exceeded  0.8  as  interpreted 
by  the  definitions  of  this  study.  This  is  in  substantial  agreement 
with  the  climatological  cloud  cover  described  in  other  references,  [5] 
which  also  indicate  only  very  slight  reductions  in  cloud  cover  over  the 
drift-ice  areas  during  the  seasons  of  darkness. 
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Cloud- cover  comparison  over  drift- ice  areas:  (Special  interprefation  and  catalog, 
various  period  combinations) 


There  wob  inadequate  sampling  of  scenes  to  provide  conclusive  evidence 
of  cloud-cover  variation  with  period  or  with  sector.  However,  there 
seems  to  be  a slight  tendency  for  increased  average  cloud  cover  iri  the 
middle  of  the  daylight  season  compared  with  the  ends,  and  for  decreaised 
average  cloud  cover  in  sectors  in  which  drift-ice  areas  extend  farther 
south  (sectors  2 and  3 including  the  Ross  Sea  and  sector  7 including  the 
Weddell  Sea). 

It  is  difficult  to  define  the  characteristics  of  the  "openings”  to  be 
expected  in  the  prevailing  cloud  cover  over  Antarctic  iceberg  scenes 
of  interest.  However,  most  dpen  areas  are  comparable  to  or  smaller 
than  a scene  of  185  km  diameter,  and  in  the  small  sample  of  this  type 
of  data  there  seemed  to  be  no  recognizable  correlation  between  openings 
on  scenes  obtained  24  hours  apart  with  average  geographical  overlap  of 
0.7  between  scenes.  Thus  it  is  assumed  that  if  complete  imagery  was 
obtained  on  every  ERTS  pass,  the  cloud-cover  openings  on  successive 
passes  would  be  statistically  independent  events ^ and  the  probability 
of  a cloud-cover  opening  in  all  the  potential  ERTS  images  over  a speci- 
fied iceberg  area  should  range  between  0.3  and  0.7  in  each  18-day  cycle 
(or  in  each  9-day  period  when  using  a thermal  sensor  capable  of  operating 
in  the  dark  during  either  the  ascending  or  descending  nodes) . This 
estimate  assumes  a cloud-cover  average  between  0.8  and  0.9  and  a day-to- 
day  scene  overlap  between  0.7  and  0.8. 

SEA  ICE 


In  order  to  harvest  Antarctic  icebergs  efficiently  and  to  assemble  them 
into  trains  for  movement  to  using  areas,  it  will  be  necessary  to  contend 
with  the  sea  ice  that  surrounds  Antarctica  and  the  icebergs  most  of  the 
time.  The  seasonal  and  geographical  extents  of  the  Antarctic  sea  ice 
have  been  described  in  various  publications.  [5,6]  Also  valuable  are  the 
historical  accounts  of  sea-ice  obstructions  to  navigation  in  these  regions. 
[7]  The  descriptions  of  the  various  forms  of  ice  that  may  be  encounteted 
and  how  they  evolve  are  helpful  to  the  understanding  of  the  nature  of  this 
barrier  to  the  otherwise  easy  access  to  the  densest  iceberg  clusters.  [8] 
ERTS  types  of  observations  over  several  years  with  scene  sampling  at  nearly 
every  orbital-pass  opportunity  should  provide  a valuable  record  of  sea-ice 
behavior  that  could  be  very  useful  in  planning  the  harvesting  of  Iceberg 
resources.  The  very  limited  sampling  obtained  with  ERT^-i  (less  than  10 
percent  of  the  opportunities  for  October  through  March)  was  inadequate 
for  a comprehensive  interpolation  of  the  sea-ice  behavior  over  a daylight 
season.  A much  more  complete  sampling  over  two  or  more  years  and  prefer- 
ably over  the  full  year  (in  darkness  as  well  as  daylight)  seems  highly 
desirable  to  gain  a confident  understanding  of  the  sea-ice  behavior  and 
its  potential  influence  on  ocean  operations  in  the  Antarctic. 

The  sea  ice  observed  in  the  portion  of  the  western  Antarctic  from  which 
this  investigation  obtained  imagery  consisted  of  a huge  belt  extending 
more  than  1000  km  northward  from  the  coast  in  the  early  daylight  season. 

By  February,  after  erosion  during  a few  months  of  the  daylight  season, 
the  northern  edge  of  the  sea-ice  belt  had  receded  to  about  70®  south 
latitude  over  much  of  the  western  Antarctic  lying  within  the  test  site. 
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At  the  same  time  the  ice  belt  seemed  to  withdraw  from  the  coast  in  many 
areas,  with  considerable  erosion  of  coastal  fast  ice.  The  dissolution  of 
the  belt  from  both  north  and  south  seemed  to  be  most  severe  in  the  Eoss 
Sea  in  the  vicinity  of  180®  longitude,  where  the  belt  separated  in  February 
to  open  the  Ross-Ice-Shelf  front  and  much  of  the  coast  eastward  to  the  Getz 
Ice  Shelf  (^130®W)  to  access  without  the  necessity  of  breaking  through  the 
belt.  Most  of  the  Bellingshausen  Sea  and  Amundsen  Sea  east  of  Gape  Dart 
on  Siple  Island  seemed  to  be  closed  off  throughout  the  season  by  the  sea- 
ice  belt.  However,  the  belt  became  the  narrowest  in  this  sector  and 
would  have  required  breaking  through  about  300  km  or  less  of  belt  width 
to  reach  open-water  areas  near  the  coasts.  The  behavior  of  the  belt 
seemed  to  be  more  consistent  with  that  depicted  in  Ref.  5 than  in  Ref.  6; 
however,  it  may  change  from  year  to  year  without  always  following  a 
detailed  standard  pattern. 

During  the  daylight  season  when  the  sea-ice-belt  width  is  receding,  the 
deteriorating  ice  debris  along  the  northern  edge  of  the  belt  appeared 
to  feather  out  into  wisps  as  viewed  with  ERTS  resolution.  The  central 
portion  of  the  belt  may  be  consolidated  into  a continuous  snow-covered 
surface  that  may  crack  and  then  break  up  into  floes  of  mixed  and  varied 
sizes  and  erosion  shapes. 

Icebergs  that  calve  from  the  ice  shelves  and  glacial  ice  streams  along 
the  coast  may  become  locked  up  in  coastal  fast  ice  for  years,  but  they 
tend  to  leak  out  of  their  locked -up  coastal  clusters  and  diffuse  north- 
ward through  the  sea-ice  belt.  Most  of  the  icebergs  become  locked  into 
huge  floes  in  the  central  portions  of  the  belt  for  periods  of  one  or 
more  seasons.  However,  many  icebergs  may  break  loose,  especially  near 
the  edges  of  the  belt  or  near  large  fractures  or  leads,  and  plow  through 
the  sea  ice  or  sweep  it  up  in  front  of  them  as  the  iceberg  is  driven  by 
deeper  sea  currents. 

The  collection  and  harnessing  of  icebergs  into  long  trains  will  probably 
be  easiest  along  the  northern  edge  of  the  belt  or  in  the  open-water  areas 
inside  (south)  of  the  belt  where  these  operations  would  not  need  to  con- 
tend with  crowding  sea-ice  stresses.  The  greater  density  of  the  iceberg 
clusters  near  the  coast  would  facilitate  the  formation  of  large  trains  with 
more  favorable  characteristics.  Once  a train  of  icebergs  has  been  formed 
in  open  coastal  waters,  it  may  be  feasible  in  some  situations  to  propel 
it  so  as  to  plow  through  the  belt.  The  thrust  required  to  move  the  train 
in  open  waters  will  be  large  compared  to  that  provided  by  natural  cur- 
rents in  these  regions.  The  train  should,  therefore,  have  a considerably 
greater  capacity  to  plow  through  the  belt  than  do  the  naturally  imbedded 
icebergs.  Techniques  need  to  be  developed  for  controlling  the  train  when 
attempting  to  plow  through  the  sea-ice  belt  in  order  to  move  it  in  the 
desired  direction  and  avoid  collisions  with  icebergs  that  are  locked  in 
or  are  themselves  moving  through  the  belt. 
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ICEBERG  GHARACTERISTICS 


The  iceberg  characteristics  that  were  of  greatest  interest  in  this 
investigation  were  the  effective  widths  available  that  would  permit 
harnessing  icebergs  snugly  together  into  long  trains.  Eight  dense 
cluster  areas  representative  of  western  Antarctica  between  the  Ross 
and  Bellingshausen  Seas  were  selected  and  the  maximum  widths  of  the 
icebergs  and  their  topside  areas  were  tabulated.  Individual  visual 
measurements  were  made  of  each  iceberg  on  a projected  image  with  a 
scale  of  about  1:150,000.  The  widths  were  measured  perpendicular  to 
the  dimension  that  appeared  to  offer  the  best  opportunity  for  in-line 
harnessing  of  each  iceberg  into  train  formation.  Figures  4 and  5 
illustrate  the  various  types  of  clusters. 

Figure  4 shows  a cluster  of  icebergs  locked  into  the  fast  ice  off  Gape 
Colbeck  (eastern  edge  of  Ross  Sea  at  the  lower  right) . The  much  deeper 
and  higher  (^50m)  icebergs  stand  out  in  relief  against  the  fast  ice  and 
are  easily  recognized  and  measured  under  magnification.  Also  included 
in  this  sample  are  a number  of  icebergs  in  open  water  west  of  the 
locked-in  cluster.  In  the  open  water  the  shadows  of  the  higher  icebergs 
do  not  provide  recognizable  signatures  for  distinguishing  them  from  sea 
ice.  However,  tabular  icebergs  (large  icebergs  with  flat  tops)  tend  to 
break  into  pieces  with  crisp  looking  edges  similar  to  the  pieces  of  a 
broken  window  pane,  as  distinct  from  the  eroded  looking  edges  of  many  sea- 
ice  floes.  Also,  the  currents  at  the  much  greater  depth  of  icebergs  tend 
to  move  them  differently  from  sea  ice  and  they  will  frequently  dam  up 
or  sweep  out  the  sea  ice  to  leave  an  open-water  signature  behind  them. 

This  is  illustrated  by  the  two  icebergs,  each  about  6 km  long  by  1 km 
wide,  that  are  about  15  km  off  the  western  tip  of  the  fast  ice  containing 
the  cluster  of  icebergs  (the  scene  width  is  approximately  185  km).  These 
two  large  Icebergs  were  originally  joined  together  end-to-end  to  form 
a single  ship-shaped  iceberg  about  12  km  long.  In  this  scene,  they 
are  sweeping  south  the  melting  sea  ice,  including  a bright  eroded  ice 
floe  of  comparable  size  within  their  swath.  There  are  a number  of  other 
smaller  icebergs  in  the  open  water  to  the  south  and  between  the  pack  ice 
and  the  fast  ice  that  were  also  included  in  the  data  sample. 

Figure  5 shows  many  clusters  of  icebergs  in  or  near  the  fast  ice,  south 
and  west  of  Thwaites  Iceberg  Tongue.  One  sample  of  dimensional  statistics 
was  taken  from  icebergs  in  the  open  water  on  the  western  edge  of  the  fast 
ice,  and  a much  larger  sample  was  taken  from  the  icebergs  locked  in  the 
interior  of  the  fast  ice.  In  both  cases,  all  large  multple-layered  ice- 
berg clumps  were  excluded  so  that  the  statistics  of  the  basic  layering  widths 
of  the  Thwaites  source  would  not  be  distorted. 

Figure  6 displays  the  statistics  of  iceberg  characteristics  obtained  from 
the  eight  areas  sampled.  The  distribution  of  iceberg  widths  is  illustrated 
in  terms  of  the  fraction  of  the  total  topside  area  of  the  sample  of  ice- 
bergs for  each  0.1  km  of  width  interval.  Each  sample  area  is  identified 
by  a geographical  name  and  the  ERTS  frame  from  which  it  was  selected.  The 
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total  number  of  icebergs  included  in  each  sample  is  given  as  well 
as  the  number  in  each  interval  (above  the  bars) . The  total  topside 
area  of  the  icebergs  in  the  sample  is  given  in  km^. 

Figure  6a,  from  a sample  in  Fig.  4,  seems  to  indicate  a bimodel  dis- 
tribution. However,  major  portions  of  the  areas  in  the  l.Q  and  1.1 
intervals  are  derived  from  the  two  large  icebergs~each  about  6 km 
long — ^mentioned  previously  in  connection  with  Fig.  4.  If  these  two 
exceptional  icebergs  were  excluded  from  the  sample,  it  would  subdue 
the  distribution  peak  near  1.0  and  reduce  the  average  area  per  ice- 
berg to  about  0.6  km^,  which  would  be  more  compatable  with  Figs.  6b 
and  6c. 

The  sample  represented  in  Fig.  6d,  which  comes  from  north  of  the  tip 
of  Thwaites  Iceberg  Tongue,  is  anomalous  in  its  distribution  of  large 
widths  and  of  an  average  area  per  iceberg  of  1 km^.  The  source  of 
these  icebergs  is  not  known,  but  the  shapes  and  large  widths  are  not 
characteristic  of  those  from  Thwaites. 

The  small  samples  represented  in  Figs.  6e  and  6f  come  from  the  northern 
edge  of  the  sea-ice  belt.  They  are  biased  toward  smaller  and  narrower 
icebergs,  which  might  be  expected  for  these  more  northerly  samples  of 
icebergs  that  are  probably  older  and  more  eroded  than  those  near  the 
coasts. 

The  icebergs  in  Figs.  6g  and  6h  were  selected  from  the  Thwaites  area 
discussed  with  Fig.  5.  Sample  g is  the  one  from  near  the  western  edge 
of  the  fast  ice  and  may  include  some  icebergs  from  other  sources  than 
Thwaites.  The  large  sample,  h,  comes  from  the  interior  fast  ice  and 
should  be  a pure  representation  of  Thwaites  source  characteristics. 

The  sample  statistics  of  Fig.  6 indicate  that  until  a substantial  frac- 
tion of  the  annual  iceberg  yield  is  harvested,  it  may  not  be  necessary 
to  use  icebergs  of  greater  than  0.5  km  width.  However,  if  the  samples 
of  Fig.  6 are  representative  of  all  the  Antarctic  iceberg  yield,  it  may 
be  necessary  to  harvest  icebergs  up  to  0.8  km  wide  if  much  more  than 
half  of  the  annual  yield  is  to  be  used. 

Inadequate  data  precluded  an  attempt  to  inventory  the  total  mass  of 
icebergs  in  the  Antarctic,  the  annual  yield,  or  the  average  or  typical 
life  of  icebergs.  The  great  abundance  of  icebergs  that  was  observed 
was  not  inconsistent  with  a possible  mass  balance  between  the  accumula- 
tion of  precipitation  in  Antarctica  and  its  discharge  to  the  sea,  which 
has  been  estimated  to  yield  an  average  of  10^^  m^  of  icebergs  per  year. 
[2]  However,  the  data  samples  do  Indicate  that  there  may  be  great 
variability  in  the  life  and  evolution  of  the  icebergs  after  they  have 
been  calved.  In  some  areas  they  become  trapped  near  the  coast  for  many 
years  and  probably  melt  much  more  slowly  than  icebergs  that  are  swept 
into  oceanic  gyres  and  experience  significant  current  gradients  over 
their  immersed  depths  as  they  circulate  through  the  belt  of  sea  ice. 

The  significantly  smaller  dimensions  of  the  icebergs  found  in  the 
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Fig,  6 • Distribution  of  iceberg  widths  in  sampled  areas 
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northern  edge  of  the  belt  as  compared  with  those  near  the  coast  indicate 
that  the  melting  life  of  the  average  iceberg  in  a circulating  gyre  may 
be  comparable  to  the  circulating  period  of  the  icebergs. 

The  imagery  from  ERTS-1  did  not  provide  any  accurate  means  of  determining 
height  or  thickness  of  icebergs*  The  shadows  produced  on  surrounding  sea 
ice  give  an  approximate  order  of  magnitxide  for  the  height  of  many  oi  the 
icebergs  (^50  m) . However,  more  accurate  determination  from  satellites 
will  probably  require  different  sensors  (such  as  thermal  imaging  devices 
that  could  measure  temperature  differences  with  height,  or  radio  waves 
using  ranging  techniques) . There  probably  is  some  relationship  between 
the  thickness  of  glacial  ice  streams  entering  the  ocean  water  and  the 
characteristic  widths  at  which  the  icebergs  tend  to  break  off.  Also,  the 
entering  flow  inclination,  tides,  and  seasons  may  be  influential  factors. 
Additional  ERTS  data,  especially  from  high-resolution  thermal  sensors, 
together  with  correlation  with  ground  truth,  seem  desirable  for  reliable 
estimates  of  iceberg  thickness. 

Some  iceberg  characteristics,  such  as  the  nature  and  smoothness  of  the 
melting  submerged  surfaces  and  the  expected  variations  with  source  and 
environmental  history,  will  probably  never  be  known  without  direct  physical 
measurements.  Much  additional  valuable  information  for  achieving 
efficient  harvesting  operations  will  best  be  gained  by  experience  in  the 
operating  environment. 

ANTARCTIC  TOPOGRAPHY 

In  addition  to  the  information  about  iceberg  resources  that  was  obtained 
from  IRTS  imagery,  considerable  topographical  information  was  obtained 
that  may  be  useful  for  mapping  and  other  Antarctic  interests. 

A complete  listing  of  images  that  contain  topographical  information 
unobscured  by  cloud  cover  may  be  obtained  from  the  Image  Descriptor 
Data  Bank  file  under  the  descriptor:  Antarctic  Topography. 

ERTS  SYSTEM  POTENTIAL 


The  limited  Antarctic  imagery  that  was  obtained  for  this  ittvestigatipn 
is  adequate  to  extrapolate  with  reasonable  confidence  what  the  ERTS 
system  could  be  in  application  to  Antarctic  iceberg  resources.  This 
estimate  could  be  confirmed  with  suitable  system  modifications  to 
planned  experiments  including  those  with  ERTS-B. 

LIVE  IMAGERY 

The  principal  advantages  of  live  (real-time)  imagery  obtained  with 
Antarctic  readout  stations  are  that  it  would  be  possible  to  collect 
complete  imagery  from  every  orbital  pass  over  Antarctica  and  it  could 
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be  made  available  for  immediate  use.  This  would  eliminate  the 
storage  capacity  limitations  and  reliability  problems  of  space- 
borne  video  recorders.  Also,  the  information  could  be  made  avail- 
able soon  enough  to  be  of  tactical  value  in  the  control  of  harvest- 
ing operations. 

There  are  a number  of  ways  that  live  readout  might  be  provided  in 
Antarctica,  Synchronous  satellite  relay  could  make  live  readout 
possible  almost  anywhere  on  earth.  This  could  require  the  develop- 
ment and  operation  of  the  relay  satellites  and  considerable  modifica- 
tion to  current  ERTS  designs,  but  it  may  be  the  ultimate  solution. 

An  earlier  solution  that  could  be  made  compatible  with  current  ERTS 
configurations  would  be  to  provide  a readout  station  on  board  a ship 
that  could  be  moved  to  provide  the  service  wherever  it  was  needed.  Or 
earth  stations  could  be  installed  at  suitable  locations  such  as  McMurdo 
station  for  year-round  operation.  It  appears  that  such  a site  alone 
could  provide  live  readout  for  most  of  Antarctica  except  for  coastal 
and  drift-ice  areas  in  the  sector  of  eastern  Antarctica  between  the 
Weddell  Sea  and  the  Amery  Ice  Shelf,  It  could  provide  excellent  coverage 
for  readout  of  stored  data  because  it  could  follow  every  orbital  pass 
for  a relatively  long  time.  Therefore,  it  could  obtain  stored  readout 
with  very  small  delays  from  many  areas  that  it  could  not  reach  for  live 
readout . 

An  alternative  to  live  readout  for  alleviating  the  deficiencies  of  the 
initial  experimental  ERTS  system  relative  to  Antarctic  imagery  would 
be  to  greatly  increase  the  capacity  and  flexibility  of  the  recording 
system.  This  might  require  improving  the  earth  station  network  for 
readout  of  stored  data  in  addition  to  increasing  the  recording  capability 
in  the  satellite.  A site  at  McMurdo  may  be  an  attractive  augmentation 
that  would  permit  much  live  readout  as  well  as  transmission  of  most  of 
the  stored  data  on  every  orbital  pass. 

The  initial  investment  required  to  install  a readout  station  near 
McMurdo  is  estimated  to  be  comparable  to  the  Fairbanks,  Alaska 
installation — about  $500,000,  A crew  of  35  has  proved  satisfactory 
to  provide  four  operating  shifts  of  eight  men  each.  If  a "quick  look" 
facility  is  to  be  provided,  an  initial  investment  of  about  $100,000 
would  be  added.  It  is  estimated  that  about  $1.5  million  per  year 
will  be  required  to  cover  the  annual  operating  expenses  and  to  recover 
the  initial  investment  costs  during  its  useful  life.  If  the  filtered 
imagery  is  to  be  transmitted  to  potential  users  by  synchronous  satellite 
relay,  it  may  not  increase  greatly  the  costs  of  the  McMurdo  station 
if  a suitable  site  is  selected  that  is  within  a satisfactory  look  angle 
to  the  relay  satellite,  but  the  communication  relay  costs  must  be  added 
as  a part  of  the  total  user  costs. 

THERMAL  AND  MICRO  WAVELENGTHS 


A thermal  wavelength  band  (10,4  to  12.6  micrometers)  is  planned  for 
inclusion  in  ERTS-B.  With  imagery  from  this  band  it  may  be  possible 
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to  measure  small  surface  temperature  differences  day  or  night.  Such 
a capability  may  greatly  aid  in  distinguishing  icebergs  from  sea  ice 
and  may  even  permit  height  determinations  of  icebergs  by  temperature 
differences.  Approximately  the  same  ground  resolution  would  be  desirable 
at  thermal  wavelengths  as  is  provided  with  the  other  wavelength  bands. 

Also,  approximately  the  same  cloud-cover  limitations  will  apply.  Because 
most  of  the  cloud  cover  in  Antarctica  consists  of  particles  that  are  large 
compared  to  these  wavelengths,  the  cloud  cover  is  not  expected  to  provide 
significantly  greater  openings  at  thermal  than  at  the  shorter  wavelengths. 
The  thermal  band  is  used  to  record  the  one-way  thermal  emission  from  the 
surface,  and  the  cloud  cover  attenuates  or  darkens  this  emission.  At 
the  shorter  wavelength  bands,  the  observations  are  of  scattered  sunlight 
and  the  brightness  of  the  cloud-scattered  sunlight  degrades  any  contrast 
that  might  otherwise  filter  through  the  cloud  cover.  However,  the  dis- 
tinction between  the  ways  in  which  the  bands  obtain  imagery  is  not  expec- 
ted to  make  any  great  operational  difference  in  the  effects  of  cloud  cover. 
On  the  other  hand,  the  many  more  observation  opportunities  available 
with  the  thermal  band  (every  pass,  independent  of  solar  illumination) 
will  permit  obtaining  two  to  six  times  as  many  glimpses  through  cloud 
openings  and  will  enable  monitoring  throughout  the  year. 

Microwaves  could  penetrate  cloud  cover,  and  the  reflections  from  the  top 
and  bottom  of  ice  have  been  used  to  measure  ice-shelf  thicknesses  by 
ranging  techniques  from  aircraft.  However,  these  techniques  are  not 
yet  feasible  from  ERTS  and  the  angular  resolution  achievable  at  these 
ranges  and  wavelengths  would  not  be  very  useful  for  obsein^lng  most 
individual  icebergs.  However,  synthetic  aperture  radar  techniques 
could  be  used  from  aircraft  or  satellites  to  provide  high  resolution 
surface  mapping  independent  of  cloud  cover  or  solar  illumination.  Although 
these  techniques  may  not  soon  be  available  on  operational  ERTS  type  of 
satellites,  they  could  be  employed  with  aircraft  to  greatly  reduce  the 
flight  effort  required  with  sensors  that  are  obstructed  by  cloud  cover. 

SEA-ICE  BEHAVIOR  AND  ICEBERG  EVOLUTION 


In  order  to  plan  the  operational  harvesting  of  icebergs  it  is  important 
to  understand  sea-ice  behavior  and  iceberg  evolution.  Much  of  this 
knowledge  could  be  obtained  by  monitoring  and  following  iceberg  processes 
over  several  yearly  cycles  of  seasons  in  the  areas  of  interest.  Since 
this  should  be  done  prior  to  operational  harvesting,  the  cost  of  obtain- 
ing the  information  should  be  treated  as  research  cost  to  be  recovered 
during  the  years  of  harvesting  operations.  It  does  not  seem  important 
to  have  a "quick-look"  capability  for  this  type  of  information.  However, 
in  order  to  achieve  usefully  complete  coverage  through  the  prevailing 
cloud  cover,  it  would  be  desirable  to  obtain  imagery  on  nearly  every 
pass  opportunity.  The  very  limited  sampling  of  part  of  western  Antarctica 
that  was  accomplished  with  ERTS-1  will  be  useful  ^or  correlation  with  more 
comprehensive  data  that  might  be  obtained  in  the  next  few  years.  Compre- 
hensive satellite  imagery  should  be  buttressed  with  ground  truth  informa- 
tion that  might  be  obtained  from  a test  program  to  acquire,  harness, 
insulate,  and  tow  real  (though  small)  icebergs  in  Antarctica.  Only  then 
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would  it  be  possible  to  design  and  invest  in  operational  systems  with 
the  necessary  confidence. 

TACTICAL  HARVESTING  INFQKMATION 


Tactical  information  for  aid  in  acquiring  icebergs  and  controlling  the 
harvesting  operations  should  be  timely,  and  timeliness  could  be  achieved 
with  live  readout  and  a ”quick-look”  capability.  Each  operational  harvest- 
ing expedition  could  include  this  capability  as  an  integral  part  of  its 
facilities.  Alternatively,  it  could  be  accomplished  at  a common  central 
station,  e.g.,  McMurdo,  and  the  useful  processed  Information  could  be 
forwarded  to  the  harvesting  expeditions  by  satellite  relay.  In  either 
case,  the  costs  of  obtaining  the  information  would  be  an  operational  expense 
that  legitimately  should  be  charged  to  the  harvesting  operations. 

CLAIMING  AND  MONITORING  SERVICE 


When  there  is  the  possibility  of  independent  harvesting  operations  com- 
peting for  icebergs,  a claiming  procedure  that  will  permit  efficient 
planning  and  harvesting  will  be  needed.  This  might  be  accomplished  by 
practices  established  in  other  situations,  e.g. , staking  claims  perhaps 
a year  or  two  in  advance,  or  stationing  a man  on  board  so  that  the  ice 
"ship"  is  not  abandoned.  However,  a more  attractive  way  of  claiming 
might  be  to  coordinate  and  monitor  the  claiming  with  ERTS  imagery.  This 
method  could  be  used  to  coordinate  the  claiming  early  enough  to  permit 
efficient  planning  for  harvest  without  excessive  claiming  effort  or 
resource  waste.  The  claiming  service  would  be  a legitimate  operational 
harvesting  expense,  and  the  charge  could  be  determined  by  the  quantity 
or  value  of  icebergs  claimed. 

ENTITLEMENTS  TO  ANTARCTIC  ICEBERG  RESOURCES 


The  Antarctic  icebergs  are  a continuous  yield  resource.  They  simply 
melt  and  return  to  sea  water  without  a direct  benefit  to  mankind  if 
they  are  not  harvested  and  used  in  the  process.  They  are  part  of  the 
international  waters  and  should  be  available  to  anyone  as  an  extension 
of  the  freedom-of-the-seas  doctrine.  Furthermore,  it  would  seem 
desirable  to  avoid  the  tradition  practiced  for  water  entitlements  in 
parts  of  the  world  in  which  indefinite  claims  are  established  by  the 
first  to  perfect  their  rights,  so  that  future  new  needs  may  be  denied 
if  the  resources  are  not  adequate. 

It  is  suggested  that  the  claiming  and  monitoring  service  with  satellite 
imagery  be  extended  to  include  auction  of  the  icebergs,  with  any  sur- 
plus revenues  used  to  Increase  the  harvest  and  equalize  the  costs.  The 
auction  and  claiming  could  be  once  a year,  sufficiently  in  advance  of 
the  harvesting  season  to  permit  adequate  planning  and  preparation  for 
the  operations.  This  method  of  granting  entitlement  to  icebergs  should 
secure  the  greatest  economic  benefits  from  this  resource,  and  it  would 
not  deny  anyone  future  access. 


1487 


ECONOMIC  POTENTIALS  FOE  ERTS 


About  $1.5  million  per  year  is  estimated  to  be  necessary  to  maintain 
a continuous  EETS  readout  and  "quick-look”  station  in  Antarctica.  This 
would  permit  using  the  full  capabilities  of  ERTS-1  and  ERTS-B  on  every 
orbital  pass  to  provide  a wealth  of  information  about  Antarctica  in 
general,  in  addition  to  that  of  primary  value  for  the  harvesting  of 
icebergs.  Also,  a station  near  McMurdo  would  be  able  to  read  out  any 
stored  information  on  every  ERTS  orbit.  This  might  permit  greatly  in^ 
creased  world-wide  use  of  the  image  storage  capability  of  ERTS  by 
relieving  readout  constraints. 

The  estimated  revenue  requirement  to  procure  and  place  an  operational 
ERTS  into  orbit  and  control  its  operation  will  probably  be  between 
$5  and  $10  million  annually.  However,  the  Antarctic  harvesting  of 
icebergs  should  only  be  assessed  its  fair  share  of  this  revenue  require- 
ment. 

The  total  cost  of  delivering  iceberg  water  to  the  final  user  or  distributor 
is  estimated  to  be  about  $24  per  k*m^.  [2]  This  is  only  a small  fraction 
of  the  cost  of  desalting  sea  water  or  of  long  distance  interbasin  trans^ 
fer.  Therefore  it  is  not  expected  that  iceberg  water  will  suffer  serious 
competition  from  these  other  sources  even  if  the  price  is  raised  con- 
siderably. However,  the  demand  for  iceberg  water  for  agricultural  uses 
is  expected  to  be  very  elastic  about  this  point,  and  to  supply  the 
agricultural  demands  it  will  be  necessary  in  most  cases  to  reach  the 
scale  that  will  permit  the  attractive  prices  that  have  been  estimated 
for  iceberg  water.  Therefore,  it  is  felt  that  the  iceberg  harvesting 
systems  may  only  be  able  to  afford  an  additional  assessment  of  a few 
percent  of  the  delivery  price  for  the  water  before  the  demand  might  be 
seriously  affected,  i.e.,  large  volume  demand  might  fall  rapidly  with  in^ 
creasing  assessments  above  about  $1  per  k*m^  for  ERTS  aid. 

If  10  percent  of  the  annual  yield  of  Antarctic  icebergs  were  harvested, 
an  assessment  of  $0.10  per  k*iil  would  produce  an  annual  revenue  of  about 
$10  million,  which  would  be  adequate  to  compensate  for  the  share  of  ERTS 
operating  costs.  However,  since  early  harvesting  operations  may  commence 
at  only  1 percent  of  the  annual  yield  and  some  research  and  development 
costs  should  be  assumed  by  the  iceberg  harvesting  operations,  it  would 
seem  appropriate  to  begin  assessing  iceberg  harvesting  operations  at  a 
rate  between  $0.1  and  $1.0  per  k*m^. 

In  order  to  obtain  as  much  useful  imagery  with  optical  sensors  on  board 
high  altitude  aircraft  as  might  be  obtained  with  full  use  of  ERTS,  at 
least  10  aircraft  passes  would  be  required  for  each  ERTS  pass  to  achieve 
a comparable  coverage.  The  most  suitable  aircraft  for  such  a task  would 
require  at  least  1,000  hours  of  imaging  flight  every  24  hours  in  order 
to  duplicate  the  ERTS  coverage.  Although  a feasible  basing  and  opera^ 
tional  plan  has  not  been  conceived,  an  operating  fleet  of  more  than  120 
aircraft  and  400  flight  crews  would  be  required  to  maintain  such  opera- 
tions over  an  extended  period  of  time.  This  would  be  a prodigious  and 
costly  operation  compared  to  that  required  with  ERTS  (at  least  10  to  100 
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times  as  great  an  effort) . Even  with  a likely  requirement  for  coverage 
of  only  portions  of  the  Antarctic,  the  task  of  doing  it  with  optical 
sensors  on  board  aircraft  seems  much  larger  than  full  coverage  by 
satellite. 

If  satsisfactory  coverage  could  be  obtained  with  synthetic  aperture 
radar  on  board  aircraft,  it  may  be  possible  to  do  so  for  limited 
operations  at  costs  comparable  with  the  full  use  of  ERTS.  The 
capabilities  and  costs  of  both  techniques  need  test  and  evaluation 
in  order  to  select  the  appropriate  operational  role  of  each. 

The  costs  of  not  having  the  equivalent  of  ERTS  Imagery  for  harvesting 
of  icebergs  in  the  Antarctic  are  also  difficult  to  assess.  Small 
bootleg  operations  would  be  possible  without  paying  an  ERTS  toll. 
However,  it  should  be  very  difficult  to  achieve  dependable  competitive 
operations  or  obtain  user  commitments  with  any  operation  that  would  try 
to  harvest  without  coordination  through  an  ERTS  information  system 
established  for  this  purpose, 

SUMMARY  AND  CONCLUSIONS 


This  investigation  is  one  of  a series  exploring  various  aspects  of  the 
feasibility  of  using  Antarctic  icebergs  as  a global  fresh  water  resource. 
Related  investigations  that  have  explored  concepts  for  transporting  and 
using  the  icebergs  indicate  great  promise  for  this  continuous  yield  re- 
source. However,  icebergs  of  appropriate  size  and  shape  must  be  avail- 
able for  asgembly  into  trains  for  economical  transport,  and  methods  must 
be  found  to  cope  successfully  with  the  surrounding  sea  ice.  Also,  ways 
of  harmoniously  harvesting  this  international  resource  must  be  developed. 
These  problems  have  been  the  concern  of  this  investigation. 

The  results  from  ERTS-1  for  the  period  from  November  1972  through  March 
1973  reveal  a general  prevailing  cloud  cover  more  than  80  percent  of  the 
time  over  the  Antarctic  coastal  and  sea  areas  of  interest.  However,  open- 
ings in  the  cloud  cover  can  be  exploited  to  piece  together  imagery  of  a 
large  fraction  of  the  earth’s  surface  off  Antarctica  every  few  weeks,  if 
every  ERTS  imaging  opportunity  is  taken. 

The  sea- ice  belt  girding  Antarctica  was  very  evident,  but  there  was  in- 
sufficient imagery  to  refine  previous  descriptions  of  its  seasonal  behavior. 
Many  images  of  iceberg  clusters  were  obtained  that  confirm  the  general 
abundance  and  dimensional  characteristics  of  icebergs  and  that  identify 
differing  characteristics  with  different  sample  areas.  However,  the  sea- 
ice  and  iceberg  environment  should  be  comprehensively  and  continuously 
monitored  for  several  years  in  order  to  acquire  enough  information  to 
confidently  plan  and  design  efficient  iceberg  harvesting  operations.  A 
wealth  of  additional  information  for  mapping,  resource  exploration,  and 
research  can  also  be  obtained  when  imagery  for  iceberg  resources  is 
collected. 

The  potential  application  for  ERTS  would  be  greatly  enhanced  with  live 
Antarctic  readout  to  enable  the  timely  acquisition  of  complete  Imagery 
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on  every  orbital  pass.  Also,  use  of  thermal  bands  should  provide  better 
imagery  in  daylight  or  darkness  throughout  the  year.  With  these  improve- 
ments in  ERTS  performance,  the  long-term  monitoring  for  planning  and 
design  as  well  as  the  quick-use  requirements  for  control  of  harvesting 
operations  and  the  registering  of  claims  and  entitlements  could  be  achieved. 
ERTS  has  capabilities  that  could  support  new  concepts  for  claiming  service 
and  establishing  entitlements  that  would  drastically  reduce  the  costs, 
conserve  the  resources,  harmonize  the  operations,  and  reserve  the  oppor- 
tunity for  anyone  to  acquire  any  entitlement  in  the  future. 

The  iceberg  harvesting  operations  can  easily  bear  the  costs  of  the  ERTS 
services  that  appear  to  be  essential  to  the  success  of  economical  large- 
scale  use  of  the  continuous  Antarctic  iceberg  yield  that  otherwise  melts 
and  returns  to  sea  water  without  benefit  to  man  in  the  process. 
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ENVIRONMENT  SURVEYS 


Paper  E 1 


THE  USE  OF  ERTS-1  IMAGERY  IN  AIR  POLLUTION  AND  MESOMETEOROLOGICAL 
STUDIES  AROUND  THE  GREAT  LAKES 

fK,Ly/om,  Air  Pollution  Analysis  Laboratory  BX\^  Richard  A.  Honhou^/Robotics  mdArtifM^ 
Intelligence  Laboratory,  Colley  of  Engineering  and  Applied  Science,  The  University  of  Wisconsin- 
Miiwaukee,  Milwaukee,  Wisconsin  53201 


ABSTRACT 

ERTS-1  images  continue  to  be  highly  useful  in  studies  of:  (1)  long 

range  transport  of  air  pollutants  over  the  Great  Lakes,  (2)  the  mesoscale 
atmospheric  dynamics  associated  with  episodic  levels  of  photochemical  smog 
along  the  western  shore  of  Lake  Michigan,  (3)  inadvertant  weather  modification 
by  large  industrial  complexes.  Also  unusual  wave  patterns  in  fogs  and  low 
stratus  over  the  Great  Lakes  are  being  detected  for  the  first  time  due  to 
the  satellites  high  resolution. 
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1.  INTRODUCTION 


The  Air  Pollutional  Analysis  Laboratory  of  the  University  of  Wisconsin- 
Milwaukee  is  engaged  in  a major  EPA-supported  study  of  mesoscale  pollution 
transport  phenomena  along  the  western  shore  of  Lake  Michigan*  Though  this 
project,  which  involves  use  of  instrumented  Cessna  336  (operated  with  the  Wis- 
consin Department  of  Natural  Resources),  pilot  balloon  and  tetroon  wind  measure- 
ments, a nine  station  air  quality  monitoring  network,  helicopters,  etc.,  was 
begun  prior  to  the  launch  of  ERTS-1,  the  satellite  has  been  playing  an  increas- 
ingly large  role  in  understanding  the  complex  mesoscale  meteorological  processes 
which  result  in  frequent  adverse  air  quality  levels  in  the  Gary-Chicago-Milwaukee 
corridor.  In  addition,  a National  Science  Foundation  grant,  in  support  of  the 
International  Field  Year  for  the  Great  Lakes  (IFYGL) , has  greatly  benefitted 
from  the  ERTS-1  program.  The  project  involves  the  compilation  of  a one-year 
mesoscale  cloud  census  and  solar  radiation  climatology  for  Lake  Ontario.  The 
high  resolution  images  of  ERTS  have  enabled  unambiguous  determinations  of  cloud 


types  and  systems  with  a precision  unobtainable  with  any  current  operational 
meteorological  satellite.  Furthermore,  several  unexpected  mesoscale  cloud 
structures  have  been  detected  and  are  tinder  intensive  study.  In  essence,  the 
meteorological  content  of  ERT§  imaserf^  i^almost  limitless,  and  except  for 
manned  spacecraftS|d|^c^ayk  provides  the  most  significant  source  of  infor- 


mation for  cloud  studies  available. 


2.  LONG  DISTANCE  POLLUTION  TRANSPORT  ACROSS  A LARGE  LAKE 
Air  pollution  meteorologists  have,  often  for  lack  of  better  information, 
tended  to  consider  the  air  pollution  levels  in  a given  air  quality  control 
region  (AQCR)  to  be  solely  the  result  of  emissions  within  that  region.  This 
concept  of  a "regional  air  shed"  has  long  prevailed  in  the  formulation  of  control 
strategies  for  any  given  AQCR,  including  the  seven  counties  of  Southeast  Wis- 
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consin.  Yet  for  several  years  it  had  been  "guesstimated**  that  perhaps  10% 
of  Milwaukee's  suspended  particulates  originate  from  the  Chicago-Gary  area* 

On  1 October  1972,  an  ERTS-1  image  (ID  No.  107016041)  of  southern  Lake  Michigan 
revealed  smoke  plumes  from  several  major  industrial  clusters  at  the  southern 
end  of  Lake  Michigan  streaming  more  than  60  km  northeastwards  over  the  lake 
before  disappearing  beneath  a cloud  deck  (Fig.  1 a,b).  This  clearly  established 
that,  at  least  during  the  spring  through  early  fall,  when  air  masses  are  warmer 
than  the  relatively  cold  lake  surface,  that  these  particulate  plumes  can  travel 
great  distances  over  the  lake  with  comparatively  little  diffusion.  It  also 
lends  great  credance  to  the  hypothesis  that  Milwaukee  citizens  frequently  might 
breathe  significant  dosages  of  the  pollutants  emitted  by  Gary,  Indiana  over  160 
km  away.  Experience  has  shown  that  these  plumes  can  be  best  seen  (over  water) 
in  either  band  5 or  6 (Fig.  lb).  A more  theoretical  discussion  of  plume  con- 
trasts over  a water  surface  Is  given  by  Lyons  and  Pease  (1973) . 

On  14  October  1973,  another  image  (ID  No.  144816023)  over  the  same  region 
again  showed  the  same  phenomena  - except  this  time  no  cloud  cover  obscured  the 
plume’s  track.  Figure  2 shows  several  major  plumes  advecting  in  southwesterly 
flow  towards  the  Michigan  shoreline.  After  initial  spreading  (due  to  residual 
turbulence  generated  over  the  heated  land) , the  plumes  show  little  further 
dilution  and  cross  the  lee  shoreline  in  the  Benton  Harbor,  Michigan  area  (110  km 
fetch) . As  these  plumes  moved  overland,  they  almost  certainly  underwent  con- 
tinuous fumigation  to  the  surface  about  5 to  10  km  inland,  tmdoubtedly  causing 
high  levels  of  pollution  at  the  surface.  NeMless  to  say,  Michigan  air  pollu- 
tion control  authorities,  had  they  monitored  this  region,  might  very  well 

have  been  at  a loss  to  explain  such  readings  in  an  area  relatively  free  of  local 
sources.  The  shoreline  fumigation  problem  of  the  Great  Lakes  is  discussed  in 
depth  by  Lyons  and  Cole  (1973)  who  also  present  a numerical  method  for  modeling 
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its  effects.  The  meteorological  and  legal  ramifications  of  such  widespread 
interregional  pollution  transport  are  now,  with  the  help  of  ERTS,  beginning  to 
be  understood. 


3.  THE  LAKE  BREEZE  AND  AIR  POLIUTION 

During  summer  1973  a large  field  project  was  conducted  in  Milwaukee  to  study 
the  detrimental  effects  of  the  lake  breeze  circulations  on  shoreline  air  quality. 
Fig.  3 is  a map  of  the  field  operations  areas  superimposed  over  the  17  July  1973 
ERTS  image  (blowup  of  Milwaukee  region) , Lake  breezes  cause  high  air  pollution 
in  shoreline  areas  for  several  reasons:  (1)  limited  mixing  depths  associated 

with  intense  low-level  inversions  as  cool  lake  air  moves  inland,  (2)  continuous 
fumigation  of  elevated  plumes  from  such  shoreline  sources  as  power  plants,  and 
(3)  recirculation  of  pollutants  within  the  lake  breeze  cell  wind  patterns  (Lyons 
and  Olssen,  1973) . The  various  observations  taken  this  day  indicated  a classic 
lake  breeze  (penetrating  about  5-10  km  inland  at  1000  LST  ).  Eulerian  (pilot 
balloon)  and  Lagrangian  (optically  tracked  tetroons)  wind  field  measurements 
showed  a 500m  deep  inflow  layer  capped  by  the  typical  westerly  return  flow 
current  aloft.  The  Lagrangian  air  trajectory  measurements  suggested  the  ex- 
pected circular  motion  of  air  (and  pollutants)  over  the  shoreline  region.  The 
surface  air  quality  monitoring  network  plus  the  instrumented  Cessna  336  air- 
craft measurements  produced  the  expectedly  high  levels  of  particulates  and  sulfur 
oxides.  What  was  not  expected,  however,  was  that  readings  of  photochemical 
oxidants  (ozone)  at  several  stations  within  the  lake  breeze  reached  alert  levels 
(greater  than  10  PPHM  for  4 hours  or  more)  and  peak  values  approached  30  PPHM 
(especially  on  18  July  1973,  when  similar  conditions  prevailed).  The  southeast 
Wisconsin  region  had  not  been  presumed  to  have  sufficiently  large  emissions  of 
the  primary  pollutants  (hydrocarbons  and  oxides  of  nitrogen)  to  result  in  such 
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high  levels  of  ozone.  The  immediate  reaction  of  the  writers  was  to  consider 
the  Chicago  metropolitan  region  a major  contributor  of  these  pollutants.  This 
notion  was  at  first  resisted  by  some  area  officials.  However,  the  ERTS-1 
image  (ID  No.  135916094  and  135916100)  for  17  July  1973  (Fig.  4)  shows  a dis- 
tinct band  of  eumulus  clouds  stretching  from  Chicago  to  Milwaxdcee.  These  clouds 
mark  the  lake  breeze  front.  By  considering  the  air  trajectories  obtained  that 
day  by  the  tetroons,  it  now  appears  quite  likely  that  morning  rush  hour  automo- 
tive exhausts  from  Chicago  did  indeed  become  trapped  within  the  lake  breeze  cell, 
and  travelled  in  a long  helical  trajectory  northwards.  With  the  measured  north- 
wards component  of  the  wind,  it  appears  entirely  plausible  that  Chicago  pollu- 
tants could  have  reached  Racine  and  Milwaukee  by  afternoon,  adding  significantly 
to  the  photochemical  smog  levels.  The  immediate  question  is  then  raised:  how 
is  the  southeast  Wisconsin  AQCR  to  alleviate  a photochemical  smog  episode  by  a 
plan  of  curtailing  the  industrial  and  automotive  emissions  in  its  region  if  a 
significant  portion  of  the  offending  pollutants  originate  in  another  jurisdiction? 

4.  INADVERTANT  WEATHER  MODIFICATION  BY  INDUSTRIES 
Lyons  and  Pease  (1973)  reported  on  a case  where  the  smoke  plumes  from  the 
Chicago-Gary  industrial  complex  obviously  appeared  to  be  ^’seeding”  winter  cumulus 
cloud  bands  over  Lake  Michigan,  causing  them  to  be  better  developed,  brighter, 
and  potentially  greater  producers  of  snow.  Continued  monitoring  of  this  region 
continues  to  reveal  examples  of  ”inadvertant  weather  modification"  by  man’s 
activities.  On  both  16  July  1973  and  3 August  1973  (ID  No.  135816042,  ID  No. 
137616041)  northeasterly  winds  were  blowing  onshore  in  the  Chicago  area.  Since 
the  particular  air  masses  were  relatively  cool  for  the  season,  the  usual  intense 
low  level  inversions  were  not  present  over  the  lake.  Stability  in  the  lower 
1000m  of  the  atmosphere  was  probably  close  to  dry  adiabatic.  Thus  cumulus 
cloud  formation  could  be  expected  to  begin  shortly  after  the  air  advected  in- 
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land  over  the  much  warmer  ground  surfaces.  This  was  indeed  found  (Fig.  5a,  b), 
but  so  were  several  distinct  lines  of  well  developed  cumulus  clouds  which  ob- 
viously had  their  origins  over  several  major  industrial  complexes  (mostly 
steel  mills) . 

Such  phenomena  have  been  suspected,  but  the  ERTS  imagery  incontrovertibility 
shows  that  major  plumes  can  modify  and  induce  convective  cloud  development  both 
during  the  winter  and  summer  months.  On  neither  day  did  the  clouds  grow  to 
precipitation  states.  Yet  the  well  publicized  LaPorte,  Indiana  excess  preci- 
pitation anomaly  (Changnon,  1968)  has  frequently  been  ascribed  to  the  ^seeding” 
effects  of  the  Chicago-Gary  industrial  effluents.  ERTS  thus  provides  one  more 
piece  of  evidence  which  may  eventually  prove  the  correctness  of  this  hypothesis. 

6.  MESOSCALE  GRAVITY  WAVES  IN  STRATUS  CLOUDS 

During  the  spring,  Lake  Michigan  water  temperatures  rise  very  slowly,  so 
that  often  overlying  air  masses  might  be  as  much  as  30°C  warmer.  This  condition 
results  in  almost  persistent  shallow  (lG0-200m)  but  intense  ^conduction  inversions" 
over  the  lake.  If  the  airmass  dewpoints  are  higher  than  the  lake  surface  tem- 
perature, shallow  fogs  often  form.  These  may  cover  much  of  the  lake  surface,  and 
will  often  drift  inland  several  miles  before  being  dissipated  by  heating  from 
the  warm  ground.  ERTS  images  have,  not  unsurprisingly,  revealed  many  of  these 
fog  masses  over  the  Lakes  during  spring  and  summer  months.  But  what  has  now 
been  discovered  in  the  ERTS  imagery  are  frequent  extremely  complex  mesoscale 
wave  motions  in  the  fog  and  stratus  cloud  decks.  On  18  April  1973  (Id  No. 

126916-101)  such  a fog  bank  was  observed  over  Lake  Michigan  from  Milwaukee  north 
to  the  Door  County,  Wisconsin  peninsula  (Fig.  6)  . A fine  network  of  inter- 
secting wave  patterns  in  the  fog  is  visible,  with  wave  trains  often  at  right 
angles  to  one  another.  The  initial  interpretation  of  these  images  is  in- 
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triguing.  Intense  internal  gravity  waves  are  being  generated  near  the  top 
of  the  surface  based  inversion  (about  lOOm),  presumably  due  to  strong  wind 
shears  present  there.  These  waves  then  propagate  and  those  which  strike  the 
shoreline  bluffs  are  reflected  much  like  water  waves  in  a pool.  While  there  is 
no  theoretical  reason  why  such  cannot  happen,  this  is  perhaps  one  of  the  first  and 
most  graphic  examples  of  this  atmospheric  process.  A numerical  model  of  the 
actual  conduction  fog  formation  process  has  now  been  developed.  It  is  now 
possible  to  compute  at  least  the  gross  temperature  and  moisture  profiles  asso* 
dated  with  these  highly  modified  lake  air  masses. 

7.  FUTURE  STUDIES 

In  the  near  future  it  is  hoped  to  obtain  "ground  truth"  measurements  of 
suspended  particulate  levels  in  the  Chicago-Gary  smoke  plumes  using  the  in- 
strumented aircraft  simultaneously  with  ERTS  overflights.  Future  goals  include 
development  of  reliable  methods  for  estimating  dif  fusion  statistics  over  water 
for  maj  or  plmes  and  also  possibly  making  direct  estimates  of  atmospheric  parti- 
culate loadings  from  ERTS  data.  The  UWM  Robotics  and  Artificial  Intelligence 
Laboratory  is  currently  beginning  experiments  with  ERTS  digital  tapes  to  see 
if  pattern  recognition  and  cluster  analysis  methods  can  be  used  to  automatically 
detect,  (1)  suspended  particulate  air  pollution  over  water,  (2)  glaciated  (ice) 
versus  supercooled  liquid  water  cloud  types  (for  possible  detection  of  inadvertant 
cloud  seeding  by  anthropogenic  ice  nuclei  sources) . 
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Figure  1 - ERTS-1  images  over  southern  Lake  Michigan,  1 October  1972  for 
band  4 (top)  and  band  5 (bottom).  Plumes  of  smoke  from  major 
industries  can  be  clearly  seen  extending  for  more  than  60  km 
to  the  northeast  over  the  lake  in  band  5.  The  general  lack 
of  image  contrast  in  the  0,5 -0.6  micrometer  region  makes  the 
plume  virtually  invisible. 
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Figure  2 - Southern  Lake  Michigan  area,  14  October  1973,  band  5,  showing 
plumes  of  smoke  from  the  Chicago-Gary  complex  travelling  the 
entire  lake  and  crossing  the  downwind  shoreline  near  Benton 
Harbor,  Michigan  (BEH) . 
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Figure  4 - The  westeim  shore  of  Lake  Michigan  from  the  northern  portion  of 
Chicago  to  Sheboygan,  Wisconsin,  band  5,  17  July  1973,  Visible 
is  the  line  of  euinulus  clouds  marking  the  lake  breeze  front  during 
a period  of  high  photochemical  oxidant  levels  in  shoreline  areas. 
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the  greater  Chicago  area  on. 3 August  1973  (top)  and 
973  (bottom) , Lines  of  cumulus  clouds  generated  by 
1 Activity  indicated  by  arrows . Both  scenes  band  7 


Figure  6 - Shallow  fog  over  western  Lake  Michigan  (southern  Green  Bay  in 
upper  left),  band  6,  18  April  1973.  Patterns  reveal  trains  of 
complex  intersecting  infernal  gravity  waves  within  inversion  layer. 
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Paper  E 2 


A METHOD  TO  MEASURE  THE  ATMOSPHERIC  AEROSOL  CONTENT  USING  ERTS-1 
DATA 

Michael  Gt\^,  Science  Applications,  Inc.,  1200 Prospect  Street,  P.O.  Box  2351,  La  Jolla,  Celifornia  92037 


ABSTRACT 

The  apparent  gradual  increase  of  particles  in  the  atmosphere 
has  received  considerable  attention  in  recent  years  due  to  the 
possible  effect  of  atmospheric  aerosols  on  the  earth’s  climate. 
The  ERTS-1  satellite  offered  the  opportunity  of  determining 
the  feasibility  of  monitoring  the  atmospheric  aerosol  content 
on  a global  basis,  as  suggested  by  theoretical  studies,  which 
showed  a linear  relationship  between  the  upwelling  earth- 
atmosphere  radiance  and  the  aerosol  content.  This  relation- 
ship was  investigated  at  two  test  sites,  San  Diego  and  the 
Salton  Sea,  using  the  MSS  radiance  data,  with  ground-truth 
observations  of  the  aerosol  content  being  made  with  a Volz 
photometer  at  the  time  of  the  satellite  overpasses.  Significant 
results,  relating  the  radiance  over  water  surfaces  to  the  atmo- 
spheric aerosol  content,  have  been  obtained.  The  results  indi- 
cate that  the  MSS  chaimels,  4,  5 and  6 centered  at  0.  55,  0. 65 
and  0.  75  |im  have  comparable  sensitivity,  and  that  the  aerosol 
content  can  be  determined  within  + 10%  with  the  assumed  mea- 
surement errors  of  the  MSS.  The  accuracy  of  the  aerosol 
content  measurement  could  be  increased  by  using  an  instrument 
specifically  designed  for  this  purpose. 


INTRODUCTION 

The  scientific  community  (e.  g.  SCEP’  and  SMIC^ ) has  become  increasii^ly 
aware  in  recent  years  of  the  importance  of  atmospheric  aerosols  and  their 
optical  properties  in  possible  climate  modification.  The  aerosols  in  the 
atmosphere  consist  of  man-made  and  natural  particles,  and  it  is  the  man- 
made contribution  due  to  combustion  added  to  the  natural  (dust,  sea  spray, 
forest  fires  and  volcanic  dust)  backgroxmd  that  is  generally  considered  to  be 
important  in  determinii^  climatic  chaises.  However,  the  man-made  con- 
tribution on  a global  scale  is  quite  small;  estimates  range  from  a negligible 
amount^  to  about  6%  of  the  natural  bacl^round'’ . (Of  course,  on  a local 
scale,  e.  g.  the  Los  Angeles  basin,  man-made  particles  can  far  exceed  the 
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natiiral  concentration. ) It  may  well  be  that  global  chaises  in  the  natural 
background  are  more  important  than  man-made  particles.  With  the  in- 
creased cultivation  of  land  and  activities  of  man  in  arid  areas,  the  back- 
groimd  level  of  aerosols  is  likely  to  increase. 

McCormick  and  Ludwig®  presented  evidence  of  a worldwide  buildup  of  at- 
mospheric aerosols  which  could  increase  the  earth  albedo  resultii^  in  a 
cooling  of  the  earth-atmosphere  system.  This  effect  would  counteract 
the  postulated  increase  of  temperature  in  the  lower  atmosphere  due  to 
the  "greenhouse  effect"  of  the  increased  CO2  emissions  by  human  acti- 
vities. In  fact,  there  has  been  a decrease  in  the  mean  annual  air  tem- 
perature since  about  1945  at  mid  latitudes,  suggesting  that  the  aerosol 
pollution  effect  is  greater  than  that  of  the  CO2  increase.  However,  the 
effects  of  aerosols  and  CO2  are  more  complex  than  suggested  above,  so 
that  their  effects  on  climate  are  not  readily  predicted.  For  instance, 
Robinson®  points  out  that  the  earth  may  self-r^julate  its  temperature  by 
the  variation  of  cloud  amount:  the  higher  temperatures,  due  to  the  CO2 
"greenhouse  effect",  lead  to  a higher  water  content  in  the  lower  atmo- 
sphere, which  may  increase  the  cloud  amotmt;  this  increases  the  albedo, 
thereby  decreasing  the  temperature.  Robinson  concludes  there  is  no 
justification  for  forecasting  a final  equilibrium  temperature  due  to  an 
increase  in  CO2  content,  imtil  atmospheric  models  are  significantly 
improved  to  include  the  cloud  cover  as  a variable. 

In  addition  to  the  uncertainties  in  the  climatic  effects  of  CO2,  the  cooling 
effect  of  aerosols  svggested  by  McCormick  and  Ludwig  may  not  be  correct. 
Charlson  and  Pilat  ’ , Atwater®  and  Mitchell®  have  shown  that  since  aerosols 
absorb  and  scatter,  they  may  produce  warming  or  cooling,  depending  on 
the  ratio  of  absorption  to  scatteriig. 

Thus,  it  is  clear  that  considerably  more  work  on  the  complex  problem 
of  modeliig  the  atmosphere  and  on  the  optical  properties  of  aerosols  is 
needed  before  the  long  term  effects  of  man-made  pollution  can  be  predicted. 
Since  these  problems  will  not  be  solved  in  the  near  future,  it  is  important 
to  initiate  global  measurements  of  aerosols  on  a continuous  basis  to  monitor 
any  changes. 

We  have  shown  in  earlier  theoretical  studies’®  that  it  should  be  possible 
to  make  satellite  observations  of  the  aerosol  content  of  the  atmosphere 
from  radiance  measurements.  The  launch  of  ERTS-1  offered  the  oppor- 
tunity of  investigatiEg  these  theoreticatly  derived  relationships  with  actual 
satellite  data. 


These  relationships  were  investigated  using  MSS  data  at  two  test  sites, 
San  Diego  and  the  Salton  Sea,  with  ground  truth  being  obtained  with 
ground-based  Volz  photometer  measurements  of  the  aerosol  content. 


APPROACH 

The  approach  to  the  investigation  has  been  an  empirical  one  based  on 
theoretical  calculations  for  model  atmospheres.  To  make  the  compu- 
tations manageable,  certain  approximations  about  several  parameters, 
such  as  the  aerosol  size  distribution  and  the  underlyii^  surface  reflect- 
ance, have  to  be  made.  Hence,  in  the  real  atmosphere,  model  conditions 
are  never  realized,  so  that  deviations  from  the  theoretical  relationship 
are  expected.  Thus,  an  empirical  investigation  has  been  conducted  usirig 
the  theory  to  provide  insight  into  the  extremes  of  values  which  may  be 
encountered. 

The  relationship  between  radiance  over  water  surfaces  and  the  aerosol 
content  has  been  studied  using  the  satellite  radiance  measurements  ob- 
tained from  the  ERTS-1  digital  data,  and  the  ground-truth  measurements 
of  the  aerosol  content  made  with  a Volz  photometer  at  the  time  of  selected 
ERTS  overpasses. 

Relationship  of  Radiance  and  Aerosol  Content 


Calculations  of  the  radiance  backscattered  from  the  earth-atmosphere 
system,  as  seen  from  space  have  been  published  by  Plass  and  Kattawar.">’^ 
These  calculations,  using  Monte  Carlo  techniques,  consider  multiple 
scattering  of  all  orders,  and  take  into  account  aerosol  scattering  and 
ozone  absorption.  Examination  of  the  results  of  Plass  and  Kattawar  shows 
that  the  outgoing  radiance  varies  with  aerosol  content,  and  is  most  sen- 
sitive when  the  underlyii^  surface  albedo  is  low.  The  ocean,  which  covers 
much  of  the  earth,  has  a low  albedo  at  high  sun  angles  and  provides  a 
suitable  underlying  surface  for  aerosol  measurements.  The  calculations 
also  indicate  that  the  longer  wavelengths  are  more  sensitive  to  aerosol 
changes.  At  shorter  wavelei^ths  the  Rayleigh  optical  thickness  is  com- 
parable to,  or  greater  than,  the  aerosol  optical  thickness,  so  that  changes 
in  the  aerosol  content  have  less  effect. 

In  order  to  further  investigate  the  effect  of  aerosols  on  the  upward  ra- 
diance over  a calm  water  surface,  Plass  and  Kattawar^^  made  some 
special  calculations  for  us,  in  a separate  study’°,  for  several  aerosol 
vertical  distributions.  The  calculations  showed  a result  of  great 
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importance  for  satellite  observations  of  the  upward  radiance:  the  upward 
radiance  depends  strongly  on  the  total  number  of  aerosols,  but  not  on 
their  vertical  distributions.  Thus,  measurements  of  the  upward  radiance 
can  be  directly  related  to  the  total  vertical  aerosol  content  and  hence  the 
global  loading. 

The  three  wavelei^ths  (0. 7 )yim,  0. 9 tim  and  1. 67  jim)  considered  show 
comparable  sensitivity  to  aerosol  charges.  However,  the  relative  nor- 
malized radiance  is  less  at  the  loiter  wavelengths,  and  since  the  incoming 
solar  flux  decreases  at  longer  wavelengths  the  absolute  radiance  level  de- 
creases rapidly  with  increasing  wavelength  (the  absolute  radiance  at  1. 67  fim 
is  about  6%  of  that  at  0. 7 jtim). 

These  results  are  used  to  determine  the  relationship  between  the  upward 
radiance,  measured  by  MSS  channel  6,  and  the  aerosol  content  of  the  at- 
mosphere for  various  sun  angles.  A simple  linear  relationship  is  shown, 
in  Figirne  1,  to  exist  between  radiance  and  the  aerosol  content.  These 
straight  lines  are  based  on  only  two  values  of  aerosol  content,  but  a linear 
relationship  may  be  established  by  considering  four  data  points  for  zero 
albedo  . It  is  seen  that  a 1 percent  change  in  radiance  is  equivalent 
to  about  1.  5 percent  change  in  aerosol  content. 

Potential  Problem  Areas 

The  preceding  discussions  are  based  on  theoretical  calculations  which  use 
a mc^el  atmosphere,  model  aerosol  properties,  and  assume  a smooth 
water  surface  or  a Lambertian  surface.  Since  these  model  conditions  are 
never  realized  in  practice,  empirical  relationships  between  the  satellite 
data  and  the  aerosol  content  have  been  investigated.  However,  two  potential 
problems  must  be  considered,  although  as  shown  later  in  the  discussion  of 
the  results,  they  do  not  appear  significant. 

Sun  Glitter.  If  the  ocean  were  perfectly  smooth  as  assumed  in  the  calcu- 
lations, an  image  of  the  s\m  would  be  seen  at  the  specular  reflection  angle, 
and  the  only  upwelling  surface  radiation  observable  at  other  look  aisles 
from  space  would  be  the  diffuse  sky  radiation  reflected  from  the  ocean 
surface  and  the  radiation  scattered  up  from  below  the  ocean  surface.  As 
the  smooth  ocean  surface  is  increasingly  disturbed,  a glitter  pattern  be- 
comes increasii^ly  larger  about  the  specular  point.  At  sim  zenith  aisles 
greater  than  about  30°  the  glitter  effect  has  been  considered  negligible 
(except  for  very  rough  seas)  at  the  nadir  point.  However,  measurements 
by  Hovis  (private  communication  from  R.  Fraser)  suggest  that  this  asstimp- 
tion  is  not  correct,  so  that  the  ocean  surface  radiance  at  the  nadir  is  not 
known  accurately. 


1508 


Surface  Reflectance  Gradients.  The  calculations  of  Plass  and  Kattawar 
assume  an  underlying  surface  of  constant  reflectivity  extending  to  infinity. 
However,  the  radiances  in  this  program  are  obtained  over  water  adjacent 
to  a land  surface  of  higher  reflectivity,  and  radiation  reflected  from  the 
land  is  scattered  into  the  atmosphere  above  the  water  so  that  the  apparent 
radiance  above  the  water  is  different  from  the  calculated  theoretical  value 
in  the  vicinity  of  the  boundary. 


DATA  ANALYSIS  METHODS 

The  investigation  has  utilized  the  radiances  measured  by  the  MSS,  and  the 
aerosol  content  measured  by  ground-based  observations  with  a Volz  photo- 
meter at  the  time  of  several  ERTS  overpasses. 

The  data  for  the  four  MSS  channels  were  received  as  bulk  processed  black 
and  white  9.  5 in.  positive  prints  and  transparencies,  and  as  bulk  processed 
digital  7-track  computer  compatible  tape,  selectively  ordered  after  viewing 
the  black  and  white  products. 

To  extract  the  radiance  data  from  the  computer  compatible  tapes  (CCT),  a 
program  was  written  to  read  data  in  prescribed  geographical  areas  from 
the  tapes  on  a CDC  6400.  The  areas  of  interest  for  an^ysis  are  chosen  by 
viewing  the  black  and  white  products,  and  selectir^  areas,  about  6 km  on  a 
side,  within  the  test  sites  free  of  obvious  clouds,  or  effluents  in  the  water. 
The  word  counts  are  printed  out  for  each  area,  and  can  be  converted  to 
radiance  using  the  MSS  calibration  data.  The  data  are  then  examined,  and 
an  area  about  300  x 300  m,  in  which  the  radiance  is  essentially  uniform, 
is  selected,  and  the  average  radiance  estimated  for  each  MSS  band. 

Measurements  of  the  aerosol  content  were  made  with  a Volz  sun  photometer^'* 
at  both  test  sites  at  times  of  selected  ERTS  overpasses  at  the  Salton  Sea/ 
desert  site,  and  at  every  overpass  at  San  Diego  as  weather  permitted. 


RESULTS 

Significant  results  were  obtained  in  analyzing  the  ERTS  digital  data  and 
the  ground-truth  measurements.  A linear  relationship,  as  predicted  by 
theory,  was  found  to  exist  between  the  MSS  radiances  over  water  surfaces 
and  the  aerosol  content  of  the  atmosphere. 
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Volz  Data 


Dxiring  the  program  there  were  twenty-two  ERTS  overpasses  at  each  of 
the  test  sites.  Six  trips  were  made  to  the  Salton  Sea/desert  test  site  to 
make  ground -truth  measurements,  and  data  were  obtained  on  five  occa- 
sions; cloud  cover  prevented  the  takii^  of  data  on  just  one  occasion.  It 
was  planned  to  make  Volz  photometer  measurements  for  each  overpass 
at  San  Diego,  but  the  overpasses  coincided  with  cloud  cover  with  surprising 
frequency,  and  data  were  obtained  on  only  five  occasions.  The  Salton  Sea 
ground -truth  measurements  were  always  made  on  the  shoreline  at  Bombay 
Beach  on  the  east  side  of  the  sea.  The  San  Diego  observations  were  made 
in  different  locations  each  time,  but  always  close  to  the  ocean. 

The  results  of  the  measurements  are  given  in  Figure  2,  and  show  that  in 
general  the  aerosol  content  was  less  than  the  value  given  by  Elterman’'* 
in  his  1964  model  atmosphere  (Elterman’s  model  aerosol  distribution 
corresponds  to  a 25  km  visibility  at  the  surface).  The  measurements  on 
a few  of  the  days  show  quite  rapid  changes,  which  are  greater  than  the 
instrument  error.  They  could  possibly  be  due  to  the  movement  of  im- 
detected  thin  clouds  between  the  sun  and  the  observer,  although  all  these 
variable  measurements  were  taken  in  apparently  completely  clear  sky 
conditions.  The  variations  are  probably  due  to  the  movement  of  air  cells 
with  different  aerosol  content  in  the  lower  atmosphere. 

Radiance-Aerosol  Relationship  (Water  Surface) 

The  investigation  of  the  radiance -aerosol  r elationship  over  water  surfaces 
is  based  on  eight  data  points,  four  over  the  Pacific  at  San  Diego,  three 
over  the  Salton  Sea,  and  one’®  over  the  Atlantic  off  the  coast  of  North  Africa, 
where  measurements  of  the  aerosol  content  are  available.  The  radiance 
values  are  normalized  to  a sun  angle  of  jn  = 0. 45,  using  a correction  based 
on  the  theoretical  variation  with  sun  angle  given  in  Figure  1;  it  is  assumed 
that  the  correction  is  the  same  for  each  channel.  The  correction  is  greater 
than  5%  only  for  the  three  points  with  high  sun  angle. 

The  normalized  radiances  for  all  four  MSS  channels  are  plotted  against 
the  aerosol  content  in  Figure  3.  The  aerosol  content  is  given  in  terms 
of  the  Elterman  1964  model  vertical  aerosol  optical  thickness;  i.  e. , the 
aerosol  content  is  given  by  the  ratio  (measured  aerosol  optical  thickness 
at  wavelength  X/model  aerosol  optic^  thickness  at  wavelength  X).  It  is 
seen  that,  as  predicted  by  theory,  a linear  relationship  exists  for  all  four 
channels,  being  best  for  MSS  5 and  MSS  6.  MSS  6 shows  excellent  agree- 
ment with  the  theoretical  relationship  shown  in  Figure  1,  sx^gesting  that 
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the  model  is  very  reasonable,  particularly  for  zero  aerosol  content  (i.  e. , 
a pure  molecular  atmosphere).  The  results  for  MSS  7 are  given  only  to 
illustrate  the  low  radiance  values  discussed  above,  and  even  thov^h  a 
linear  relationship  is  indicated,  this  channel  is  not  considered  useful  for 
determinii^  the  aerosol  content.  The  results  for  MSS  4 show  more  scatter 
of  points  about  the  mean  curve  than  for  the  other  channels.  The  reason 
for  the  larger  scatter  in  this  channel  is  not  readily  obvious,  since  the  ra- 
diance errors  are  not  significantly  different  from  the  other  channels. 
Possibly  this  channel  is  more  sensitive  to  changes  in  the  water  reflectance 
due  to  the  presence  of  effluents,  chlorophyll,  or  other  suspended  material 
in  the  water,  althot^h  on  the  one  occasion  when  effluents  were  obviously 
present  in  the  Salton  Sea,  the  radiance  in  MSS  4 was  closer  to  the  mean 
curve  than  in  the  other  channels. 

Effluents  were  clearly  apparent  on  5-5-73  when  ground -truth  measurements 
were  made,  and  on  subsequent  imagery  of  the  Salton  Sea  during  the  summer 
months.  The  effluents,  which  are  presumably  due  to  irrigation  run-off, 
were  not  observed  during  the  winter  months,  when  there  is  more  rain  and 
it  is  cooler,  thus  requiring  less  irrigation.  These  effluents  result  in  vari- 
able high  radiances  over  the  water  surface.  To  analyze  the  data  for  5-5-73, 
an  area  exhibiting  the  lowest  values  of  radiance  was  selected,  but  as  seen 
in  Figure  3,  the  radiances  appear  too  high  for  the  measured  aerosol  content, 
expecially  for  MSS  5 and  6.  The  effluent  pattern  is  more  apparent  in  the 
photographic  images  at  shorter  wavelengths.  However,  the  data  point  for 
MSS  4 shows  less  deviation  from  the  previous  data  than  at  the  longer  wave- 
lengths. In  addition,  the  spectral  variation  of  radiance  has  the  same  basic 
shape  as  other  data.  Thus,  the  spectral  behavior  of  this  effluent,  and  its 
effect  on  aerosol  observations  is  not  completely  consistent,  and  further 
studies  of  this  type  of  data  are  required.  However,  it  is  clear  that  care 
should  be  taken  in  using  data  from  bodies  of  water  where  effluents  occur 
on  an  intermittent  basis.  The  data  may  be  readily  screened  by  visual 
examination  of  the  photographic  images. 

Analysis  of  Potential  Problem  Areas 


No  evidence  of  sun  glitter  has  been  visually  observed  on  the  ERTS  photo- 
graphic data  received  during  the  program.  (Sun  glitter  was  observed  on 
the  photographic  data  from  the  NASA  aircraft  overflight  at  2000  ft  altitude 
on  5-23-73,  but  was  not  identifiable  on  the  ERTS  data  for  the  same  time). 
All  of  the  data  at  the  San  Diego  and  Salton  Sea  test  sites  were  obtained 
over  relatively  calm  seas,  so  that  the  sun  glitter  might  be  expected  to 
be  minimal.  However,  the  one  data  point  in  Figure  3 for  the  Atlantic 
Ocean  was  obtained  over  roi^h  seas,  with  seven  foot  waves  and  winds  of 
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about  20  knots  being  reported.  Presumably,  sun  glitter  should  be  apparent 
under  these  conditions.  However,  it  is  seen  in  Figure  3 that  this  point 
does  not  significantly  deviate  from  the  linear  relationships  for  the  San 
Di^o  and  Salton  Sea  data.  Thus  it  is  believed  that  nadir  observations 
will  not  be  significantly  affected  by  sun  glitter,  although  more  roi:gh  sea 
data  are  needed  to  draw  any  firm  conclusion. 

It  was  suggested  earlier  that  observations  at  two  wavelei^ths  might  be  used 
to  eliminate  a sun  glitter  problem  if  it  should  occur.  In  order  to  investigate 
this  possibility  the  spectral  variations  of  the  upwellii^  radiance  over  water 
surfaces  have  been  plotted.  Figure  4 shows  the  results  for  several  ERTS 
overpasses  at  the  Salton  Sea.  These  values  are  not  normalized,  and  higher 
radiances  are  expected  for  higher  sun  elevations  for  a given  aerosol  con- 
tent. Within  the  errors  of  the  MSS  radiance  measurements,  there  are  no 
obvious  spectral  differences  from  one  overpass  to  the  next,  at  least  at  the 
MSS  wavelengths,  even  for  the  5-5-73  data  when  effluents  were  present. 
However,  there  appears  to  be  a tendency  at  sun  elevations  below  about  50° 
for  the  radiance  decrease  from  MSS  5 to  MSS  6 to  be  less  than  at  high  sun 
elevations.  Similar  spectral  variations  are  found  for  the  data  at  the  San 
Diego  test  site. 

The  effect  of  surface  reflectance  gradients  was  determined  by  examination 
of  the  digital  data  in  the  San  Diego  coastal  regions  and  at  the  Salton  Sea. 

It  was  found  that  the  radiance  over  the  water  surface  is  higher  immediately 
at  the  water -land  boundary,  but  rapidly  decreases  and  reaches  a uniform 
value  within  about  1300  ft  of  the  boundary.  Thus,  the  effects  of  scattering 
from  the  adjacent  high  albedo  land  appears  to  be  negligible  beyond  about 
1300  ft  from  the  shoreline.  The  water  radiance  data  used  for  the  preceding 
radiance-aerosol  study  were  all  obtained  beyond  1300  ft  from  the  shoreline, 
where  the  radiance  was  uniform* 

Error  Analysis 


The  results  of  the  analysis  of  the  radiance -aerosol  content  relationship 
contain  uncertainties  due  to  inherent  instrument  errors,  and  due  to  the 
assumptions  necessary  in  the  data  interpretation.  These  uncertainties 
are  discussed  below. 

Volz  Photometer  Errors.  Flowers  et  al,’‘*  in  comparii^  the  Volz  photometer 
with  a standard  photometer,  found  that  values  of  aerosol  optical  thickness 
greater  than  about . 240  (i.  e. , an  aerosol  content  of  1. 13  N),  can  be  mea- 
sured with  an  accuracy  of  ± 5%,  and  for  an  optical  thickness  near  . 100 
(.  47  N),  an  accuracy  of  about  + 10%  applies.  It  is  presumed  that  similar 
errors  apply  to  the  measurements  made  in  this  program  with  our  Volz 
photometer. 
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A further  error  is  possible  in  using  the  Volz  data  in  this  investigation 
due  to  the  fact  that  the  Volz  measurement  was  never  made  directly  over 
the  water  sxmface  where  the  ERTS  radiance  measurement  is  made.  It 
has  been  assumed  that  the  atmosphere  has  been  homogeneous  over  the 
area  includii^  the  Volz  and  the  radiance  measurements.  This  may  not 
always  be  a good  assumption  since  the  Volz  data  in  Figure  2,  on  occasion, 
show  variations  over  a short  time  period,  greater  than  the  instrument 
error,  sxiggesting  the  movement  of  air  cells  with  different  aerosol  con- 
tent. This  type  of  error  cannot  be  readily  estimated,  but  could  be  checked 
in  a future  program,  usii^  several  photometers  in  the  test  site  area. 

ERTS  Radiance  Errors.  Fraser^’  has  made  calculations  of  the  noise 
equivalent  radiance  for  each  of  the  MSS  channels  based  on  preflight  cali- 
brations. No  inflight  calibrations  have  been  reported,  and  it  is  assumed 
that  the  preflight  ones  apply  throughout  this  program.  Fraser’s  results 
are  reproduced  in  Table  1,  with  the  values  of  the  full  scale  radiance,  and 
NER  in  radiance  vinits  added  for  clarity.  If  the  radiance-aerosol  content 
relationship  in  Figure  3 is  assumed  to  be  correct,  then  the  NER  results  in 
a + 10%  error  in  determinir^  the  aerosol  content  in  the  useful  channels 
MSS  4,  5 and  6. 


CONCLUSIONS 

Significant  results,  relatii^  the  radiance  over  Water  surfaces  to  the  at- 
mospheric aerosol  content,  have  been  obtained.  The  results  indicate 
that  the  MSS  channels  4,  5 and  6 centered  at  0.  55,  0.  65  and  0.  75 
have  comparable  sensitivity,  and  that  the  aerosol  content  can  be  deter- 
mined within  + 10%  with  the  assumed  measurement  errors  of  the  MSS. 

The  fourth  channel,  MSS  7,  is  not  useful  for  aerosol  determination  due 
to  the  water  radiance  values  for  this  channel  generally  being  less  than 
the  instrument  noise.  The  accuracy  of  the  aerosol  content  measurement 
could  be  increased  by  using  an  instrument  specifically  designed  for  this 
pm’pose.  In  an  independent  study’®  we  designed  a simple  instrument  in 
which  the  radiance  could  be  measured  to  + 1%  accuracy  resulting  in  a 
+ 1.  5%  error  in  the  aerosol  content. 

This  radiance-aerosol  content  relationship  can  provide  a basis  for  moni- 
toring the  atmospheric  aerosol  content  on  a global  basis,  allowing  a base- 
line value  of  the  global  burden  of  aerosols  to  be  established.  This  base- 
line could  be  established  more  rapidly  from  satellite  measurements  than 
from  a network  of  ground-based  observations,  and  probably  with  consi- 
derable cost  savings.  In  addition,  this  technique  could  provide  a method 
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for  monitoriii^  the  particulate  emissions  of  SST’s,  by  making  observa- 
tions in  the  vicinity  of  flight  corridors,  such  as  over  the  North  Atlantic. 
It  should  be  possible  to  look  at  the  ocean  through  the  flight  corridor  and 
alongside  it,  to  measure  the  difference,  due  to  the  SST’s,  in  the  aerosol 
content. 
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TABLE  1 

The  noise  equivalent  radiance  (NER)  of  MSS  for  ocean 
observations.  Also,  the  ratio  of  the  standard  deviation 
in  sensor  response  to  atmospheric  turbidity  changes  to 
the  NER.  The  mean  sensor  output  (V),  the  standard 
deviation  (o),  and  NER  are  expressed  in  percentage  of 
full  scale  sensor  response  (after  Fraser  ). 


Spectral 
Band 
in  pm 

Surface 

Reflectivity 

V 

a 

SNR 

V/SNR 

a/NER 

Full  Scale 
Radiance 
(mw/cm2/sr) 

NER 

mw/cm  / 
pm/sr 

0.5-0. 6 

12 

1.4 

22 

0.6 

2.  5 

2.48 

.15 

(MSS  4) 

23 

1.1 

40 

0. 6 

1.9 

0.6-0. 7 

0. 02 

8 

1.4 

9 

0.9 

1.5 

2.00 

.18 

(MSS  5) 

0.10 

22 

1.0 

22 

1.0 

1.0 

0. 7-0. 8 

7 

1.0 

11 

0.6 

1.6 

1.76 

.11 

(MSS  6) 

mm 

22 

1.0 

25 

0.9 

D 

0. 8-1.1 

0.02 

4 

0.5 

3 

1.0 

4. 60 

.15 

(MSS  7) 

0. 10 

10 

0.4 

10 

p 

CO 

0.4 
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Theoretical  Radiance  vs.  Fig,  2.  Volz  Data 

Aerosol  Content  for  MSS  6 
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AUTOMATED  STRIP-MINE  AND  RECLAMATION  MAPPING  FROM  ERTS 

Robert  H.  Rogers  and  Larry  E.  Reed,  Bendix  Aerospace  Systems  Division,  Ann  Arbor,  Michigan  and 
Wayne  A.  Pettyjohn,  Ohio  State  University,  Department  of  Geoiogy,  Coiumbus,  Ohio 


ABSTRACT 

Using  computer  processing  techniques,  it  is  possible  to  produce 
geometrically-corrected  maps  of  the  coal  strip  mines  in  East- 
Central  Ohio  by  utilizing  ERTS-1  CCTs.  Several  target  cate- 
gories can  be  drawn  by  a computer-controlled  pen  on  film  that 
will  accurately  overlay  a base  map  of  any  scale  selected  by  the 
operator.  For  each  overlay,  the  computer  can  generate  a table 
that  shows  the  area  of  each  target  category  in  square  kilometers, 
acres,  or  percent  of  total  area. 


INTRODUCTION 

The  area  encompassed  by  this  investigation  includes  five  counties  in  eastern  Ohio 
that  comprise  nearly  3,  000  square  miles.  The  counties;  Muskingum,  Coshocton, 
Guernsey,  Tuscarawas,  and  Belmont;  have  been  disrupted  by  coal  mining  since  the 
early  1800s.  Strip  mining,  which  generally  began  before  the  1920s,  has  been 
practiced  in  all  of  them.  The  total  area  of  stripping  operations  in  each  county  was 
quite  large  during  the  period  from  1914  to  1947,  but  was  insignificant  when  com- 
pared to  the  area  stripped  from  1948  to  the  present  time. 

On-site  examination  of  individual  mines,  and  particularly  older  mines,  is  hindered 
by  (1)  a lack  of  adequate  mine  map  coverage;  (2)  deeply  eroded,  non-existent,  or 
blocked  access  roads;  (3)  lack  of  accurate  or  adequate  records;  (4)  the  great  total 
size  of  the  stripped  area;  (5)  strip  mine  reclamation  planting  along  roads  that  ob- 
scures adjacent  barren  land;  and  (6)  dated  aerial  photographic  coverage. 

From  the  earliest  days  of  mining  until  1948,  little  thought  was  given  to  the  detri- 
mental effects  of  coal  mining  on  the  environment.  However,  reclamation  techniques 
required  by  1948  legislation  resulted  in  some  grading  and  planting  of  trees  and 
forage  on  soil  banks  although,  in  some  areas,  the  soil  was  too  toxic  for  replanting. 
In  view  of  the  stricter  laws  passed  by  the  state  legislature  in  1973,  reclamation 
is  proceeding,  not  only  more  rapidly,  but  much  more  effectively. 
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Various  agencies  within  the  Ohio  state  government  collect  certain  types  of  coal- 
mining data.  There  is,  however,  little  or  no  coordination  between  agencies;  auto- 
matic data  processing  is  non-existent;  and  various  filing  systems  approach  the 
choatic.  Consequently,  reports  available  to  the  pxiblic  are  severely  dated,  com- 
monly inaccurate,  and  difficult  to  acquire. 

ENVIRONMENTAL  EFFECTS  OF  STRIP  MINING 

In  addition  to  large  areas  that  are  disrupted  to  such  an  extent  that  they  are  no  longer 
productive,  strip-mining  has  caused  severe  ecologic  effects.  These  include  the 
erosion  of  bare  or  sparsely  vegetated  spoil  banks  and  the  discharge  of  highly  min- 
eralized water.  Sediment  eroded  from  mined  areas  tends  to  fill  streams  and 
reservoirs  which,  in  turn,  leads  to  flooding,  decreased  storage  area,  and  the  chok- 
ing of  vegetation.  Water  that  discharges  from  spoil  banks  and  xmdergrotind  mines 
generally  has  a low  pH  and  is  highly  mineralized. 

MAJOR  TARGET  AREA 

Although  several  specific  areas  have  been  examined,  a very  large  mine  in  South- 
eastern Muskingum  County,  owned  and  operated  by  the  Ohio  Power  Company,  was 
chosen  for  detailed  examination.  The  mine,  although  very  irregular,  is  nearly 
14  km  (9  miles)  long  and  as  much  as  8 km  (5  miles)  wide  (see  Figure  1). 

Mining  and  reclamation  at  this  mine  is  proceeding  at  a very  rapid  rate.  Air  photo- 
graphs indicate  that  there  was  no  stripping  in  the  area  in  1950.  By  1965,  however, 
about  1.  6 X 10^  square  meters  (4,  000  acres)  had  been  disrupted  and,  by  1971,  strip 
mining  had  devastated  close  to  4.  5 x 10^  square  meters  (11,  000  acres)  in  a single 
mining  area  (see  Figure  1).  A similar  pattern  occurred  in  several  other  Ohio 
counties. 

Because  of  the  more  stringent  1972  Ohio  strip-mine  bill,  reclamation  now  proceeds, 
in  many  areas,  at  the  same  rate  as  the  mining.  In  fact,  grading  equipment  may  be 
operating  just  behind  the  giant  mining  machinery. 

Aerial  photographs  of  the  Northern  part  of  the  Ohio  Power  Company  area  were 
taken  in  May  of  1972.  The  area  was  examined  in  the  course  of  field  work  in  June 
of  1973.  In  several  parts  of  the  mine,  there  is  no  comparison  between  the  land- 
scapes that  appear  on  the  1972  photography  and  the  condition  that  existed  only  13 
months  later  (see  Figure  2).  Many  of  the  strip  mine  lakes  had  been  filled,  graded, 
and  planted  as  a part  of  the  reclamation  program. 
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Examination  of  several  water  quality  parameters  in  lakes,  reservoirs,  and  streams 
throughout  the  region  indicates  a wide  range  in  concentration,  both  in  space  and 
time  (see  Figure  2).  Furthermore,  the  quality  cannot  be  readily  predicted  from 
one  area  to  another  or,  for  that  matter,  from  one  impoundment  to  the  next  in  the 
same  mine.  Consequently,  a detailed  regional  analysis  of  water  quality  character- 
istics cannot  be  adequately  accomplished  without  a monumental  budget. 

ERTS-1  DATA  PROCESSING 

Local,  state,  and  federal  agencies  must  have  repetitive  coverage  of  mining  areas 
and  the  eapability  for  rapidly  evaluating  each  situation.  They  also  must  be  able  to 
quickly  determine  areas  of  mining  reclamation  and  progress  or  viability  of  re- 
planted vegetation,  at  least  on  an  annual  basis.  This,  presently,  cannot  economi- 
cally be  done  by  ground  teams,  and  aerial  photographs  rapidly  become  outdated. 

In  response  to  the  urgent  need  for  a faster  and  more  economical  means  of  generat- 
ing strip  mine  and  reclamation  maps,  this  study  is  evaluating  the  suitability  of 
using  ERTS  computer  compatible  tape  (CCT)  for  automatic  mapping.  The  procedure 
uses  computer  target  ^’spectral  recognition*'  techniques  as  a basis  for  classification. 
To  implement  these  techniques,  a computer  is  provided  with  a number  of  sam- 
ples of  ERTS  measurements  (training  sets)  for  each  target  category  of  interest. 

Once  the  numerical  descriptions  which  define  the  spectral  characteristics  of  each 
target  category  are  determined,  the  operator  executes  the  ^'canonical  analysis*' 
program.  The  program  derives,  for  each  target  category  being  sought,  a set  of 
^’canonical  coefficients*'.  In  the  decision  processing  phase,  the  coefficients  are 
used  by  the  computer  to  form  a linear  combination  of  the  ERTS  measurements  to 
produce  a "canonical  variable"  whose  amplitude  is  associated  with  the  probability 
of  an  ERTS  measurement  being  from  the  target  sought.  A set  of  canonical  co- 
efficients are  derived  for  each  target  category  of  interest. 

In  decision  processing,  the  probability  of  an  ERTS  measurement  arising  from  each 
one  of  the  different  target  categories  of  interest  is  computed  for  each  ERTS  spatial 
resolution  element,  and  a decision  based  on  these  computations  is  reached.  If  all 
probabilities  are  below  a threshold  level  specified  by  the  operator,  the  computer  is 
permitted  to  decide  that  the  target  viewed  is  unknown  (an  unclassified  category). 

Before  producing  decision  data  on  a large  amoimt  of  ERTS  data,  a nxxmber  of  tests 
are  applied  to  evaluate  the  computer's  capability  of  performing  the  desired  target 
classification.  The  tests  include  generating  scatter  diagrams,  generating  classi- 
fication accuracy  tables,  and  viewing  the  results  of  processed  data  on  a TV  mon- 
itor. In  the  test  site,  the  classification  accuracy  was  greater  than  95%  (see  Table  1). 
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Table  1.  Classification  Accuracy  Table 


CLASSIFICATION  TABLE  12-OCT-73  10: 11:59 


REJECTION  LEVEL  = 0.  100000  PER  CENT 


TNG 


SET 

0 

1 

2 

1 

0.000 

97.872 

0.  000 

2 

0.  000 

1.  587 

98.413 

3 

0.000 

4.  545 

0.000 

4 

0.000 

0.000 

0.  000 

5 

0.  000 

0.  000 

0.  000 

PROGRAM  RUN  TIME  = 00:00:21 


PER  CENT  CLASSIFIED  AS 
3 4 

GROUP 

5 

2.  128 

0.  000 

0.  000 

0,  000 

0.  000 

0.  000 

95.455 

0. 000 

0. 000 

0.  000 

100. 000 

0.000 

0,  000 

0.  000 

100.000 

Designation 

1 

2 

3 

4 

5 


Target 

Stripped  earth 
Water  with  sedimentation 
Partially  reclaimed  earth 
Vegetation 

Water  without  sedimentation 


DECISION  DATA  PRODUCTS 

Decision  products  developed  for  this  investigation,  using  the  21  August  1972  ERTS-1 
CCTs,  include  a printout  table  showing  the  area  covered  by  each  target  category, 
decision  imagery,  and  decision  map  overlays.  The  target  classifications  include 
stripped  earth  and  major  areas  of  erosion,  partially  reclaimed  earth  and  minor 
areas  of  erosion,  vegetation,  deep  (clear)  water,  shallow  (turbid)  water,  and 
unclassified  areas.  Decision  imagery,  although  not  geometrically-correct,  is 
produced  rapidly  and  provides  an  immediate  view  of  the  processed  scene. 
Decision-map  overlays  are  geometrically-corrected  and  will  directly  overlay 
a UTM  map  coordinate  system  at  any  scale  selected  by  the  operator. 
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The  canonical  coefficients  defining  each  of  the  five  categories  was  applied  to  pro- 
cess that  portion  of  the  CCTs  covering  the  Ohio  Power  Company’s  surface  mining 
operation.  The  first  step  in  the  decision  processing  resulted  in  a new  or  processed 
CCT,  which  contains  a code  for  each  spatial  element  designating  it  as  one  of  the 
categories.  From  this  processing.  Table  2 was  generated,  showing  the  area  cover- 
age  of  each  category  in  terms  of  percent  of  total  area  processed,  square  kilometers, 
and  acres. 


Table  2.  Area  Table 


ERTS  PROCESSOR 

15 -OCT -73 

09:01:32 

ERTS  SCENE  10  - 1029*15361 
DATE  OF  SCENE  * 21  AUG  72 
CENTER  OF  SCENE  - N39 -25/W081-00 
SUN  COORDINATES  - EL53  DEGREES 

AZ130  DEGREES 

SPACECRAFT  HEADING  - 191  DEGREES 
TAPE  NUMBER  - 1 
STARTING  SCAN  LINE  = 450 
ENDING  SCAN  LINE  = 950 

CATEGORY 

PERCENT 
OF  TOTAL 

ACRES 

SQ.  KM. 

UNCLASSIFIED 

4.47 

20293. 15 

82.  12 

STRIPPED  EARTH 

0.74 

3343. 62 

13.53 

DIRTY  WATER 

0.80 

3610,80 

14. 61 

RECLAIMED  EARTH 

3.95 

17928. 80 

72.  55 

VEGETATION 

89.  67 

406771.91 

1646.  13 

CLEAN  WATER 

0.  38 

1704. 79 

6. 90 

TOTALS 

100.00 

453653.  06 

1835.  84 

PROGRAM  RUN  TIME  = 00:23:23 
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Notable,  on  the  list  of  categories  shown,  are  the  two  water  and  two  disturbed- 
earth  categories.  Water  without  sediment  includes  deep  or  clear  water  such  as 
that  found  in  reservoirs;  water  with  sediment  represents  shallow  or  murky  water, 
characteristic  of  shallow  rivers  and  strip-mine-associated  lakes.  The  two  dis- 
turbed earth  categories,  stripped  earth  and  partial  reclamation,  lieed  little  e^lan- 
ation  except  for  some  definition  of  partial  reclamation.  Partially  reclaimed  land 
may  represent  areas  where  reclamation,  either  natural  or  man-made,  is  proceed- 
ing very  slowly,  and  usually  less  than  40%  of  the  area  is  covered  with  vegetation. 

It  also  may  represent  recently  mined  areas  where  there  has  been  a significant 
amoiHit  of  spoil-bank  grading,  as  well  as  planted  sites  where  the  vegetation  may 
cover  0 to  100%  of  the  area. 

Table  2 also  shows  that  stripped  earth  makes  up  0.74%  of  the  total  area  processed 
or  13.  53  X 106  square  meters  (3,  344  acres).  It  can  readily  be  seen  that  this  type 
of  data  product  could  be  especially  valuable  when  a quantitative  measure  for  new 
stripping  is  needed,  to  determine  progress  of  reclamation,  and  to  measure  changes 
brought  about  by  surface  mining. 

The  tape  produced  for  decision  processing  was  also  used  to  generate  70-mm  imagery 
wherein  each  image  shows  only  a specified  category  at  a scale  of  1:1,  000,  000.  This 
imagery  is  geometrically  (spatially)  identical  to  the  data  on  the  decision  CCT  and  on 
the  CCT  provided  by  NASA  from  which  it  was  produced.  Since  the  tape  if  from  bulk 
processing,  some  geometrical  errors  exist  and  are  carried  over  into  the  decision 
imagery.  Also,  the  CCT  data  provided  from  the  NASA  bulk  processing  is  not  cor- 
rected for  earth  rotation,  consequently,  the  decision  imagery  will  not  directly  over- 
lay a UTM  map  coordinate  system. 

A method  of  recording  all  computer  classifications,  each  represented  by  a different 
color,  onto  a single  image,  was  also  evaluated.  To  accomplish  this,  three  images, 
representing  the  three  primary  colors  (red,  green,  and  blue)  and  containing  all 
target  classes  in  shades  of  gsray,  are  produced.  Using  an  additive  color  process, 
a composite  image,  in  which  each  target  class  is  assigned  a distinctive  color,  is 
created.  An  example  of  this  process,  showing  a large  portion  (about  1.  8 x 10^ 
square  meters  or  700  square  miles)  of  Muskingum  County  and  the  Ohio  Power 
Company  Vs  operations  in  that  area,  is  shown  in  Figure  3. 

To  produce  data  that  will  directly  relate  to  a map,  a method  for  correcting  the 
decision  CCT  for  earth  rotation  and  other  geometric  errors  was  developed.  A 
second  CCT,  with  these  geometric  corrections  applied  in  a format  suitable  for 
driving  a Gerber  plotter,  was  recorded.  This  tape,  when  played  back  on  the  com- 
puter, causes  a geometrically- corrected  map  of  each  target  category  to  be  drawn 
on  film  at  a scale  specified  to  the  computer  by  the  investigator.  The  pen  drawings 
were  used  to  produce  color-coded  overlays  for  an  AMS  series  map  of  the  same  scale. 
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Figures  4 through  7 are  photographs  of  computer -produced  transparent  maps,  from 
the  Gerber  plotter,  that  overlay  a 1:250,  000  scale  AMS  map*  The  two  water  classi- 
fications are  shown  in  Figure  4,  stripped  earth  is  shown  in  Figure  5,  partially 
reclaimed  land  in  shown  in  Figure  6,  and  a composite  of  all  the  classifications  is 
shown  in  Figure  7.  The  overlay  technique  was  found  to  be  particularly  usef\xl  for 
updating  base  maps  and,  more  importantly,  for  detecting  and  identifying  changes; 
i.  e. , change  detection  between  the  base  maps  and  ERTS-1  data. 

At  this  time,  analyses  of  the  accuracy  of  classifications  have  been  confined  largely 
to  analyses  of  classification  tables  generated  from  data  from  the  training  areas. 

To  be  truly  objective  in  analyzing  accuracy,  the  final  output  products  must  also  be 
evaluated  with  other  areas  not  used  in  the  computer  training  process.  This  was 
accomplished  by  comparing  classification  results  with  available  maps,  ground- 
survey  data,  and  aerial  photographs. 

Figure  8 is  a mosiac  of  the  Ohio  Power  Company*s  strip-mine  operation,  generated 
from  photographs  acquired  by  the  NASA  C-130  aircraft  on  7 September  1973.  By 
comparing  Figures  7 and  8,  it  is  evident  that  the  target  categories  are  classified 
correctly  in  nearly  all  cases.  Especially  noticeable  is  the  accuracy  with  which 
small  lakes,  a product  of  the  mining  operation,  were  classified. 

A direct  comparison  between  aerial  photography  and  the  stripped  earth  decision 
image  plot  of  a part  of  the  mine  is  shown  in  Figure  9-  This  illustration  shows,  not 
only  that  there  is  close  agreement  between  the  two  techniques,  but  also  that  there 
have  been  some  significant  changes  in  mining  areas  between  21  August  1972  and 
7 September  1973. 

Thus  far,  this  investigation  has  demonstrated  the  feasibility  of  using  ERTS-1  CCTs 
for  mapping  and  monitoring  strip  mining.  The  technique  is  rapid,  accurate,  and 
very  inexpensive  when  compared  to  standard  methods  using  aerial  photographs  and 
ground  teams. 
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Figure  3.  Decision  Imagery  Representing  a Large  Part  of  the 
Study  Area  Based  on  the  21  August  1972  ERTS- 1 CCT 
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Figure  6.  Overlay  of  Coraputer- 
Generated  Partially  Reclaimed 
Category  on  a 1:Z50,  000  Scale  Base  Map 
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Figure  7-  Overlay  of  All  Computer- Generated  Categories  on  a 
1:250,  000  Scale  Base  Map 
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Figure  8.  Aerial  Photo- Mosaic  of  Southeastern  Muskingum  County,  Ohio, 
and  the  Ohio  Power  Company  Strip  Mine 
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Figure  9-  Overlay  of  Stripped  Earth  Category  on  Aerial  Photograph  of 
Southern  Part  of  Ohio  Power  Company  Miiie  Taken  on 
7 September  1973  by  NASA  C-130  Aircraft 
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SIGNIFICANT  APPLICATIONS  OF  ERTS-1  DATA  TO  RESOURCE  MANAGEMENT 
ACTIVITIES  AT  THE  STATE  LEVEL  IN  OHIO 

D,  C,  Sweet  and  P G.  Pincura,  (Department  of  Economic  and  Community  Development);  C.  J.  Meier, 
(Department  of  Natural  Resources);  G.  B.  Garrett,  (Ohio  Environmental  Protection  Agency),  and  L. 

Herd,  (Department  of  Transportation),  State  Government  of  Ohio;  and  G.  E.  Wukellc,  J,  G.  Stephan  and 
H.  E.  Small,  Batteile  Columbus  Laboratories 


ABSTRACT 

According  to  Dr.  David  C.  Sweet,  Director  of  the  Ohio  Depart- 
ment of  Economic  and  Community  Development  and  Principal  Investigator 
of  the  Ohio  ERTS  and  Skylab  Programs,  "The  Ohio  satellite  effort  is 
a major  step  towards  wise  resource  management  necessary  for  balanced 
development  in  Ohio",  Described  herein  are  techniques  utilized  and 
the  progress  made  in  applying  ER15-1  data  to  (1)  detecting, 
inventorying,  and  monitoring  surface  mining  activities,  particularly 
in  relation  to  recently  passed  strip  mine  legislation  in  Ohio; 

(2)  updating  current  land  use  maps  at  various  scales  for  multiagency 
usage,  and  (3)  solving  other  real-time  problems  existing  throughout 
the  various  Ohio  governmental  agencies.  General  conclusions 
regarding  current  user  views  as  to  the  opportunities  and  limitations 
of  operationally  using  ERTS-1  data  at  the  state  level  are  also  noted. 


INTRODUCTION 


The  purpose  of  the  NASA  ERTS  experimental  program  is  to  assess  remote 
sensing  from  a satellite  as  a technique  for  inventorying,  monitoring,  and 
eventually  managing  the  earth's  resources.  The  tremendous  success  of  this 
program  to  date  in  generating  unique  data  on  natural  and  cultural  resources 
the  world  over  is  well  known.  However,  how  much  and  how  soon  the  public 
benefits  from  this  space  capability  depend  upon  how  effectively  this  new  data 
resource  can  be  absorbed  into  the  mainstream  of  all  government,  public,  and 
private  planning  and  decision  making  functions  bearing  on  the  utilization  and 
management  of  the  earth's  resources.  This  presentation  summarizes  progress 
made,  techniques  utilized,  and  limitations  encountered  in  using  ERTS-1  data 
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for  resouree  management  in  a state  such  as  Ohio  having  highly  diversified 
industry,  agriculture,  and  geography  as  well  as  limited  remote  sensing 
experience  and  capabilities, 

Ohio,  with  NASA  funding  assistance,  is  making  a comprehensive,  multi- 
disciplined  assessment  of  the  state-level  utility  of  ERTS  data.  Major  partic- 
ipating organizations  are: 


State  Agencies 

• Department  of  Economic  and  Community  Development 
(DECD,  Lead  Agency) 

• Department  of  Natural  Resources  (DNR) 

• Ohio  Environmental  Protection  Agency  (OEPA) 

• Department  of  Transportation  (DOT) 

• Public  Works 

• Ohio  State  University  (OSU) 

Others 

• Battelle  Columbus  Laboratories  (BCL) -Technical  Support 
Contractor 

• NASA/Goddard  Space  Flight  Center  (GSFC) -Technical 
Monitor 

• NASA/Lewis  Research  Center  (LeRC) -Scientific  Monitor 

Since  its  establishment  in  July,  1972  this  statewide,  ERTS  user 
program  has  encompassed  (1)  user  awareness,  (2)  application  analysis,  and 
(3)  utility  assessment  activities.  A brief  siunmary  of  the  status  and  accomplish- 
ments within  each  of  these  functional  program  categories  follows. 


USER  AWARENESS 


User  familiarization  with  remote  sensing  technology,  ERTS  imagery, 
and  earth  resources  discipline  developments  is  necessary  if  experimentally 
identified  application  opportunities  are  to  become  operational  realities.  To 
meet  this  need  major  emphasis  in  the  Ohio  program  has  been  placed  on  encouraging 
all  levels  of  government  planners,  researchers,  and  decision  makers  to  actively 
participate  in  ERTS  data  analysis  and  evaluation  activities.  This  approach 
serves  to  expose  potential  state  users  as  to  ERTS  capabilities,  while  providing 
an  insight  to  their  existing  dtlla  needs  and  problems  which  ERTS  data  must 
accommodate  to  be  of  tnaCitnuii^  state  benefit.  To  date  over  150  state-agency 
personh<el  Jiav%  participated  in  this  user-awareness  exercise, 

f II  « ■ 
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To  educate  potential  state  ERTS  data  users  across  the  total  spectrum 
of  on-going  state  activities  as  to  the  nature  of  the  NASA  ERTS  program  in 
general  and  the  Ohio  program  in  specific  an  ”Ohio-ERTS  Data  Users  Handbook” 
was  distributed  to  all  major  potential  state  users  in  early  1973,  The  handbook 
also  contains  reproductions  and  descriptions  of  the  more  usable  ERTS  frames 
received  for  Ohio. 

And  finally  to  promote  ERTS  throughout  the  public  sector,  State  of 
Ohio  and  Battelle  personnel  have  made  numerous  public  presentations , hosted 
several  press  conferences,  and  continue  to  assist  students  interested  in  ERTS 
data  utility. 


APPLICATION  ANALYSIS 


Figure  1 shows  a portion  of  the  Remote  Sensing  Applications  Laboratory 
at  Battelle  which  is  used  in  concert  with  state  researchers  and  planners  for 
the  routine  analysis  of  incoming  ERTS  data.  Major  equipment  in  this  facility 
as  well  as  that  located  at  state  agencies  used  in  the  acquisition  and/or 
analysis  of  on-site,  aircraft , or  spacecraft  data  are  listed  in  Table  I. 


Fig.  1.  View  of  a Portion  of  the  Data  Analysis  Equipment 
Used  by  Battelle  and  State  of  Ohio  Personnel  to 
Analyze  ERTS  Data  on  Ohio 
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i:abue  I 


DATA  ACQUISITION  AND  DATA  ANALYSIS  EQUIMENT 
CURRENTLY  BEING  USED  ON  THE  OHIO-ERTS  PROGRAM 


BATTELLE 

32-Color  Spatial  Qualitative  & quantitative  eval- 

Viewer  Data  nation  of  ERTS  imagery  by  con- 


Systems,  Inc. 

Mu It ispec  t ra 1 S pec tral 

Viewer  Model  20  Data  Gorp. 

Multiple  Inter-  Richards  Corp. 

pretation  Module 
(MM) 

Spectral  Radiometer  ISCO 
& Recorder 

70-mm  Multispectral  Hasselblad 
Cameras 

K-17  & K-24  Aerial  Fairchild 
Cameras 


verting  densities  to  desired 
color 

Overlay  of  up  to  4 ERTS  images  to 
produce  color  composites  and  to 
enhance  specific  image  features 

Viewing,  comparison,  magnification 
and  mensuration  of  ERTS  and  air- 
craft imagery 

Collecting  grotmd-truth  radio- 
metric  ^spectral  signatures" 

4-camera  array  used  for  acquiring 
aerial  multispectral  data 

Acquire  aerial  under flight  data 


K-17  Aerial  Camera  Cessna 


DNR 

Acquire  aerial  underflight  data 


OEPA 

Ohio  National  Guard  — Available  upon  request  to  monitor 

Helicopter  areas  of  environmental  concern 

Grant  request  submitted  — ** 

for  purchase  6e  oper- 
ation of  remote 
sensing  aircraft 


DOT 

Nistri-Analytical  Nistri-Bendix  Mapping  & plotting  from  ERTS  & 

S tereoplotter  aircraft  photography 

K6£  Grid  Digitizer  K&E  Mapping  & plotting  from  ERTS  or 

aircraft  photography 

Twin-Engine.  Plane  Beechcraft  Acquiring  aerial  photography 

6"  Zeiss  EMK-A  Zeiss  Acquiring  aerial  photography 
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In  the  Ohio-ERTS  program,  application  analyses  are  concentrated  in 
the  discipline  areas  of  environmental  quality,  land  use  planning  and  mapping, 
and  agriculture  and  forestry.  The  status  of  the  ERTS-1  individual  application 
candidates  under  examination  and  their  significance  to  state  resource  manage- 
ment functions  are  noted  in  Table  II.  The  applications  range  in  scope  from 
a single  department's  interest  in  soil  erosion  in  a highly  localized  area  to 
multidepartmental  iriterests  in  statewide  land-use  trends.  In  this  presenta- 
tion, the  analytical  efforts  employed  and  results  obtained  in  evaluating  the 
usefulness  of  ERTS  multidate  and  multispectral  data  to  Ohio  surface  mining 
and  land-use  interests  will  be  described  in  detail.  Status  of  studies  of 
other  application  candidates  and  the  results  of  several  real-time,  problem- 
solving exercises  will  be  only  briefly  noted. 


Surface  Mining 


State  Need 


Surface  mining  in  Ohio  is  a major  industry  requiring  more  and  more 
state  attention.  Foremost  among  current  state  efforts  relate  to  legislative 
improvements  in  surface -mining  controls.  For  example,  in  April,  1972,  Ohio 
enacted  a more  rigid  strip-mine  law  containing  provisions  for: 

• Determining  and  holding  reclamation  bonds 

• Establishing  and  enforcing  reclamation  requirements 

• Monitoring  the  status  of  the  strip-mining  activity 
and  assessing  environmental  degradation. 

To  effectively  enforce  this  law  the  state  must  have  the  capability 
and  resources  to: 

• Inventory  past  strip-mine  activity,  both  reclaimed  and 
unreclaimed 

• Inventory  current  strip-mine  activity 

• Determine  condition  of  unreclaimed  land  and  type  of 
reclamation  practice  required  to  restore  it 

• Verify  data  and  reclamation  plans  contained  in  strip- 
mining permit  applications. 


Thus,  the  emergence  of  ERTS  was  quite  timely  if  data  could  be  used 
to  inventory,  monitor,  and  assess  stripping  and  reclamation  activities. 


Application  Results 


Utilizing  the  equipment  at  the  Battelle  Remote  Sensing  Applications 
Laboratory, we  have  looked  at  ERTS-1  MSS  imagery,  aircraft  photos,  and  on-site 
radiometric  (spectral)  signatures  of  the  same  strip-mined  areas.  Conclusions 
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TABI£  II 


MAJOR  ERTS-1  DATA  APPLICATION  CANDIDATES 
UNDER  EXAMINATION  IN  OHIO 


Application 

Area 

State  Need 

Potential  State  Value 

Surface 

mining 

> 1/4  million  acres 
affected 

Help  implement  1972  strip- 
mine  law 

Land  use 

Multiagency  priority  problem 

Provide  periodic  statewide 
views  of  major  land-use 
changes 

Air  quality 

Ohio  EPA  interest 

Test  computer  model  by  moni- 
toring smoke  plumes 

Mapping 

Current  maps  needed  at  all 
agency  levels 

Provide  photo  base  maps 

Sanitary  land 
fills 

> 1,400  illegal  sites  esti- 
mated 

Detect  illegal  and/or  new 
sites 

Floodplains 

50%  of  Ohio  cities  subject 
to  flood  damage 

Help  define  and  enforce 
statewide  regulatory  law 

Outdoor  recre- 
ation 

50  state  parks  exist— major 
expansion  program  underway 

Help  select  new  recreation 
sites 

Lake  Erie 

Pollution  and  sedimentation 
studies  by  OEPA  and  DNR 
coastal  zone  management 

Improve  state  water  quality 
planning  and  enforcement 
activities 

Mineral  esti- 
mates 

Ohio  Geological  Survey 

Determine  remaining  coal 
reserves 

Acid  mine 
drainage 

To  detect  surface  water 
seepage  into  nonactive 
underground  mines  in 
southeastern  Ohio 

Prevent  vegetative  and 
wildlife  destruction 

Metropolitan 

areas 

Transportation  network/ 
residential  densities 

Aid  in  land-use  legislation 
& transportation  planning 

Soil  studies 

Soil  erosion  problems 

Enhance  water  quality,  land 
value,  and  agricultural 
productivity 

Agriculture  & 
forestry 

To  inventory  crop  and 
tirnber  acreage 

Improve  agriculture  and 
forestry  resources 
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thus  far  are  that  ERTS  MSS  imagery  ean  indeed  be  utilized  to  inventorv 
(within  the  accuracy  limitations  of  scale)  the  extent  of  strip  mining  in  Ohio* 
Assessment  of  the  condition  of  the  stripped  terrain  is  problematical  but  can 
be  done  effectively.  Monitoring  the  actual  activity  of  strip  mining  can  be 
done  provided  a sufficient  time  has  elapsed,  and  usable  imagery  is  obtained. 
Obviously  aircraft  photographs  can  provide  greater  precision  of  measurement 
and  interpretation,  but  at  a far  greater  cost  in  both  data  epblection  and 
analysis • 


Figure  2 shows  a typical  complete  ERTS-l  scene  of  southeastern  Ohio 
(Band  5)  with  strip -mined  areas  clearly  discernible  even  at  the  1:1000,000 
scale.  Figure  3 compares  enlargements  of  a 13  km  long  (r'  4,000  acres)  strip- 
mine  area  for  Bands  5 (visible)  and  7 (near  infrared)  showing  the  capacity 
of  Band  7 to  detect  standing  bodies  of  water. 

By  comparing  aerial  underflight  panchromatic  photography  of  strip- 
mining areas  at  a scale  of  1:24,000  with  ERTS  imagery  blown  up  to  the  same 
scale  it  was  found  that  the  examination  of  ERTS  Bands  5 and  7 in  some  instances 
yields  more  information  than  the  comparative  aircraft  photography.  This  was 
the  case  for  at  least  two  features:  water  and  residual  vegetation  in  the 

strip-mine  area.  The  image  density  slicing  viewer  can  discern  25-30  density 
differences  in  a single  strip-mine  area  which  may  eventually  be  relatable  to 
spoil  bank  materials,  high  walls,  and  other  features  appearing  in  a typical 
Ohio  strip  mine  (see  Figures  4a-c). 

Since  a strip -mine  area  is  obvious  by  the  removal  of  the  so-called 
overburden  or  original  vegetatioh,  the  restoration  of  such  an  area  can  be 
monitored  by  the  increased  recovering  of  such  base  areas.  Older  strip-mine 
areas  under  reclamation  are  best  discerned  on  ERTS  Band  7.  They  distinguish 
themselves  by  a less  dense  vegetation  cover  than  the  surrounding  areas  covered 
by  original  vegetation  and  by  a large  number  of  small  ponds  and  lakes.  Strip- 
mine  areas  over  30  years  old  have  been  observed.  Analyses  of  areas 
under  reclamation  are  made  by  comparing  the  area  under  reclamation  with  newly 
Strip-mined  land  (0  percent  reclamation)  and  original  vegetation  (100  percent). 
Degrees  of  reclamation  are  then  made  as  0-25  percent,  25-50  percent,  50-75 
percent,  and  75-100  percent. 

Using  the  built-in  electronic  planimeter  capability  of  the  Spatial 
Data  Image  Density  Slicing  Viewer,  and  standard  planimetric  techniques,  an 
effort  was  undertaken  to  demonstrate  that  (1)  the  unreclaimed  strip-mine  areas 
could  be  enhanced  to  the  exclusion  of  any  other  terrain  feature  using  ERTS 
imagery,  and  (2)  that  an  accurate  area  calculation  was  possible  in  a relatively 
short  period  of  time.  A test  survey  of  areas  strip  mined  and  areas  reclaimed 
was  made  of  Harrison  County  in  eastern  Ohio  using  Band  5 of  an  ERTS-1  image. 

The  resulting  area  calculation  achieved  in  this  survey  corresponds  quite 
favorably  to  Department  of  Natural  Resources  Data  as  shown  in  Table  III, 

A one  year  comparison  study  of  a major  strip  mining  area  located  in 
eastern  Ohio  was  undertaken  to  demonstrate  the  value  of  repetitive  ERTS-1 
imagery  in  a land-use  monitoring  capacity.  The  study  site  chosen  was  a contro- 
versial area  where  two  of  Ohio’s  major  mining  shovels  had  moved  into  during 
January,  1973.  The  comparison  was  made  between  a portion  of  the  MSS  Band  5 
image  of  21  August  72  shown  in  Figure  5a  and  a portion  of  the  MSS  Band  5 image 


1539 


Fig*  2.  Typical  ERTS-1  (Band  5)  scene  of  southeastern  Ohio  showing  how  pronounced 
strip -mining  areas  appear. 
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Fig.  4a.  1:24,000  USGS  topographic 

map  sheet  (reduce<i  by  1/2 
original  format)  showing 
typical  active  Ohio  strip- 
mine  area. 


Fig.  4b.  1:24,000  aircraft  photo  of 

the  same  strip-mine  area. 
Photos  such  as  these  were 
used  to  demonstrate  that 
ERTS  imagery  has  sufficient 
image  quality  and  area 
fidelity  to  perform  strip- 
mine  inventories  (photo  by 
NASA  Lewis  Research  Center). 


Fig.  4c.  Electronically  magnified  and 
enhanced  ERTS-1  MSS  Band  5 
image  of  the  same  area.  Note 
similarity  to  aircraft  photo 
above. 
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TABLE  III. 


COMPARISON  OF  STRIP-MINE  AREA  ESTIMATES 
FOR  HARRISON  COUNTY,  OHIO 

Total  Land 

Area  --  258,000  Acres 

ODNR 

ERTS-l 

% of  strip-mined 
land 

19.01 

18.4 

Area  affected 

49,064  acres 

47,472  acres 

% of  unreclaimed 
strip -mined  land 

6.8 

6.2 

Area  unreGlaimed 

17,603  acres 

15,996  acres 

of  3 September  1973  shown  in  Figure  5b.  During  the  one-year  period  over  400 
acres  of  land  were  effected. 

The  capacity  of  ERTS  to  be  utilized  as  a tool  for  effectively  mon- 
itoring Ohio’s  strip  mining  activities  being  demonstrated  by  this  and  Dr.  Pettyjohn, 
et  al.,  programs  is  both  significant  and  timely  because  of  the  public  trust 
implications  so  important  to  the  growing  environmental  protection-energy  crisis 
dilemma  existing  in  Ohio  and  throughout  the  nation  at  large. 

Because  of  the  state’s  interest  in  establishing  legislation  to  control 
all  surface  mining  (All  Minerals  Bill  pending  in  the  Ohio  General  Assembly),  we 
are  currently  looking  at  the  feasibility  of  extending  the  demonstrated  capability 
of  ERTS  to  detect  and  inventory  strip  mining  to  other  surface-mining  operations 
in  Ohio.  Figure  6 shows  how  surface  radiometric  signatures  of  typical  gravel 
pits,  limestone  quarries,  and  strip  mines  in  Ohio  differ  from  one  another. 

Figure  7 demonstrates  the  capacity  of  ERTS  data  to  detect  various  types  of  such 
surface  mining  operations  in  northern  Ohio  by  comparing  ERTS  data  to  an  existing 
1:250,000  topographic  map  for  the  same  region. 
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Fig*  5a,  21  August  1972  ERTS-1  MSS  Band  5 photo  showing  a heavily  strip 

mined  area  in  eastern  Ohio, 


Fig,  5b,  3 September  1973  ERTS-*1  MSS  Band  5 photo  of  same  area  shown  in 

Figure  5a  revealing  the  extent  of  strip  mining  occurring  during 
a one-year  period. 
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Relative  Solar  Reflectance 


Wavelength,  Microns 


1.0  U 1.2  1.5  1.4  1.5  1.55 


Fig.  6.  Comparison  of  relative  reflectance  curves  of  limestone  quarry, 
gravel  pit,  and  strip  mine  operations  in  Ohio.  These  data 
indicate  definite  differences  in  the  reflectance  characteristics 
of  the  visible  portion  of  the  electromagnetic  spectrum.  Such  data 
are  necessary  for  distinguishing  types  of  surface -mine  operations 
in  Ohio  using  ERTS  data. 
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Land  Use 


State  Need 


Ohio,  like  every  other  state,  has  increasing  multiagency  requirements 
for  the  periodic  preparation  of  a relatively  inexpensive  statewide  inventory  of 
the  land  and  natural  resources  for  use  in  general  planning,  land-use  decision 
making,  and  new  legislation  preparation*  A serious  attempt  to  fulfill  this 
land  use  data  need  was  undertaken  as  the  objective  of  the  1960  Ohio  land  use 
study.  Utilizing  existing  1940  to  1960  data  and  USGS  1:24,000  topographic 
maps  this  study  produced  tabulated  land  use  data  and  generalized  1:250,000 
and  1:500,000  scale  land  use  maps.  The  land  use  maps  were  then  compared  to 
aerial  photographs  collected  from  1958  to  1964  for  accuracy  determination. 

This  1960  Ohio  land  use  map  was  completed  over  a three  year  period  at  a cost 
of  approximately  $110,000  excluding  the  costs  of  obtaining  the  aerial  photo- 
graphy. Although  the  tabulated  land  use  data  provided  a much  needed  detailed 
land  use  information  base,  the  study  and  particularly  the  maps  have  been 
found  to  be  inaccurate  in  numerous  areas.  Accordingly,  a high-priority  state 
interest  exists  relative  to  the  extent,  accuracy,  and  cost  of  using  ERTS  data 
to  periodically  update  such  land-use  information. 


Application  Results 


Preliminary  evaluation  of  the  usable  ERTS-1  existing  for  all  parts 
of  Ohio,  indicates  that  the  data  are  more  than  adequate  for  periodically 
mapping  and  inventorying  major  surface  natural  and  cultural  features  at 
scales  of  1:24,000  and  smaller  and  at  less  cost  and  with  better  accuracies 
than  with  previous  techniques.  Efforts  to  date  have  demonstrated  the  types 
of  ERTS  data  analysis  techniques  and  products  that  can  be  made  available  on 
an  operational  basis  for  solving  land-use  problems,  for  general  land  use 
planning,  and  for  meeting  the  longer  range  requirements  of  the  pending  National 
Land  Use  Policy  Act. 

Since  it  was  not  the  intent  of  the  Ohio  ERTS  program  to  develop  a 
land  use  classification  scheme,  a prominent  scheme  developed  and  used  by  the 
U.  S.  Geological  Survey  was  adopted.  An  outline  of  this  classification  scheme 
is  shown  in  Table  IV,  and  the  level  to  which  each  major  classification  has 
been  evaluated  thus  far  for  Ohio-ERTS  land-use  interests  is  shown  on  the  right 
side  of  the  table.  The  feasibility  of  using  ERTS  data  for  land  use  activities 
in  photographic  and  computerized  formats  is  demonstrated  in  the  following 
series  of  enlarged  and  color  enhanced  ERTS-1  photographs  of  the  Columbus,  Ohio, 
metropolitan  area  shown  in  Figures  8a-d. 

As  illustrated  in  Figure  9 several  black  and  white  mosaics  and  a 
color  mosaic  of  the  entire  state  of  Ohio  from  40  x 40  ERTS  images  are  being 
assembled  by  the  Department  of  Transportation  and  the  Department  of  Economic 
and  Community  Development.  The  mosaics  have  been  placed  in  many  departments 
of  the  state  for  planning  and  management  activities.  The  significance  of  the 
mosaics,  is,  that  for  the  first  time,  a comprehensive/synoptic  overview  of 
Ohio’s  many  diverse  environmental,  natural,  and  cultural  surface  features  and 
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TABI£  IV, 


OTIO  LAND-USE  FEATURES  DISCERNIBUE  ON  ERTS-1  IMAGERY 


ERTS 

, Analysis 

USGS  Land  Use  Classification  System  for 

Status 

Use  With  Remote 

Sensor  Data  (Includes  Levels  1 & 21 

Level  I 

Level  II 

01. 

Urban  and  Built-up  Land 

01. 

Residential 

TBD** 

02. 

Commercial  and  Services 

TBD 

03. 

Industrial 

TBD 

04. 

Extractive 

Yes 

05. 

Transportation,  Communlca- 

Yes 

tions,  and  Utilities 

06. 

Institutional 

TBD 

07. 

Strip  and  Clustered 

Yes 

Settlement 

08. 

Mixed 

Yes 

09, 

Open  and  Other 

Yes 

02. 

Agricultural  Land 

01. 

Cropland  and  Pasture 

Yes 

02. 

Orchards,  Groves,  Bush 

TBD 

Fruits,  Vineyards,  and 
Horticultural  Areas 

03. 

Feeding  Operations 

TBD 

04, 

Other 

TBD 

03. 

Rangeland 

01. 

Grass 

N/A*** 

02. 

Savannas  (Palmetto  Prairies) 

N/A 

03. 

Chaparral 

N/A 

04. 

Desert  Shrub 

N/A 

04. 

Forest  Land 

01. 

Deciduous 

TBD 

02. 

Evergreen  (Coniferous  and 

TBD 

Other) 

03. 

Mixed 

Yes 

05. 

Water 

01. 

Streams  and  Waterways 

Yes 

02. 

Lakes 

Yes 

03. 

Reservoirs 

Yes 

04. 

Bays  and  Estuaries 

Yes 

06. 

Honforested  Wetland 

05. 

Other  (Ice  and  Snow) 

Yes 

01. 

Vegetated 

Yes 

02. 

Bare 

Yes 

07. 

Barren  Land 

01. 

Salt  Flats 

N/A 

02. 

Beaches 

TBD 

03. 

Sand  Other  Hian  Beaches 

TBD 

04. 

Bare  Exposed  Rock 

TBD 

08. 

Tundra 

05. 

Other 

TBD 

09. 

Permanent  Snow  and 

01. 

Tundra 

N/A 

Icefields 

01, 

Permanent  Snow  and  Icefields 

N/A 

* Land-Use  Classification  System  for  Use  With  Remote  Sensor  Data**, 

J.  R.  Anderson,  E.  E.  Hardy,  & J.  T.  Roach,  Geological  Survey  Circular, 
671,  Washington,  D.  C. , 1972. 

**  TBD  = To  be  determined  by  future  analysis. 

***  N/A  « Classification  not  applicable  to  Ohio. 
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Fig.  8a.  1:48,000  aircraft  index  photo  sheet 

of  17  April  72  of  a recently 
urbanized  area  in  northeastern 
Columbus,  Ohio. 


Fig.  8b.  An  electronically  magnified  portion 
of  an  ERTS-1  MSS  Band  5 photograph 
of  3 November  72  of  the  area. 


Fig.  8c.  An  eight- character  computer  print- 
out demonstration  product  derived 
from  the  ERTS-1  MSS  Band  5 computer 
compatible  tape  of  3 November  72 
of  the  area - 


Fig.  8d.  Magnified  and  color  enhanced  por- 
tion of  an  ERTS-1  MSS  Band  5 
photograph  of  3 November  72  super- 
imposed on  a 1964  1:24,000  USGS 
topographic  map  sheet  of  the 
area.  The  recently  urbanized 
areas  are  highlighted  to  illustrate 
the  capability  of  ERTS  imagery  to 
accurately  identify  land-use 
changes . 


Fig.  9.  ERTS-1  MSS  Band  5 Fhotomosaic  of  the  State  of  Ohio 
Original  Scale:  1:250,000. 


their  interrelationship  can  be  viewed  at  once.  Such  a synopic  overview  is 
being  utilized,  for  example,  by  the  Ohio  Power  Siting  Commission  for  selecting 
new  power  plant  sites  and  alternative  power  transmission  corridors  as  they 
attempt  to  wisely  manage  Ohio’s  energy  supplies  and  resources. 


Other 


In  addition  to  the  above  major  application  analysis  activities, 
several  real-time,  problem-solving  exercises  in  which  ERTS  data  utility  were 
examined  can  be  cited: 
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Agriculture  and  Forestry 


In  response  to  the  provisions  of  pending  federal  land  use  legisla- 
tion, the  passage  of  Issue  I in  Ohio  which  petiiilts  lower  agrie^ltural  property 
assessments,  and  other  various  pressures  Ihet  indicate  a need  to  formulate  a 
state  land  use  program.  The  Department  of  Economic  and  Community  Development 
has  recently  initiated  an  in-depth  study  to  include  histot'icai  6a 
research,  policy  formulation,  and  data  collection  activities  relative  to 
prime  or  unique  agricultural  land  in  Ohio*  In  this  prime  agricultural  land 
study,  it  is  anticipated  that  ERTS  data  will  be  used  to  aid  in  formulation  of 
an  operational  definition  of  prime  agricultural  land,  in  determination  of 
the  location  of  such  lands  in  Ohio,  and  in  the  assessment  of  the  interrelation- 
ship of  prime  agricultural  lands  to  environmental,  economic,  and  social  parameters 
such  as  open  space,  market  distribution  centers,  and  urban  sprawl* 

As  shown  in  Figure  10  a thematic  map  demonstration  product  of  the 
major  forested  areas  in  southeast  Ohio  was  derived  from  ERTS  data  and  has  been 
made  available  to  the  Ohio  Biological  Survey  to  support  their  concentrated 
study  of  the  entire  Scioto  River  Basin  for  the  D*  S*  Army  Corps*  of  Engineers* 

Although  the  transparency  clearly  illustrates  the  significant  changes 
that  have  occurred  in  southeastern  Ohio’s  forestry  resources  since  1968  (when 
compared  to  1:250,000  topographic  map)  the  importance  lies  in  the  generation 
of  a new  ERTS  data  product  type  potentially  useful  for  providing  dynamic  state- 
wide views  of  natural  and  cultural  features  in  single  and/or  ccmbined  formats. 

For  selected  study-site  areas,  the  transparency  is  over  95  percent  accurate 
for  mature  forested  areas  in  excess  of  25  acres,  and  although  the  accuracy  has 
not  as  yet  been  determined  for  extrapplated  regions,  it  appears  comparable  to 
the  uses  1:24,000  maps  and  more  accurate  than  the  1:250,000,  especially  for 
urbanized  areas. 


Lake  Erie 


Ohio  EPA  researchers  are  seriously  interested  in  using  satellite 
photography  for  Lake  Erie  water  quality  management  practices*  Figures  11a  and 
11b  show  the  ability  of  ERTS  to  provide  a repetitive  overview  of  Lake  Erie 
pollution  and  sedimentation  plumes  heretofore  unavailable*  From  a preliminary 
analysis  of  repetitive  scenes,  OEPA  personnel  are  optimistic  that  ERTS  data 
may  significantly  improve  understand ing  of  the  complex  and  dynamic  character- 
istic of  Lake  Erie  and  make  more  accurate  modeling  possible*  In  addition  to 
a better  definition  of  nearshore  and  offshore  developments,  OEPA  personnel 
are  interested  in  evaluating  such  specific  correlations  as : littoral  drift/ 

lake  dispersions,  algae  masses,  temperature  phenomena , and  water  level  (for 
coastal  zone  management,  which  is  also  of  high  interest  to  the  Department  of 
Natural  Resources). 

Synoptic  winter-time  imagery  provided  by  ERTS-1  has  likewise  provided 
a new  insight  into  the  characteristics  of  Lake  Erie  ice  conditions.  Because 
of  ice  conditions,  shipping  activities  on  Lake  Erie  have  been  limited  to  the 
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Fig.  10.  Southeastern  Ohio  forestry  transparency  demonstration  product 
.overlaid  onto  existing  1:250,000  USGS  topographic  map  sheets. 
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Fig.  11a.  ERTS-1  photo  of  27  March  73  showing  sedimentation  patterns 

in  western  Lake  Erie  (Band  5,  6,000-7,000  A).  Note  that  the 
Sandusky  Bay  land  areas  appear  partially  inundated  (see 
Fig.  lib  for  comparison) . 
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Fig.  11b,  ERTS-*!  photo  of  14  April  73  showing  sedimentation  patterns  in 
western  Lake  Erie,  Also  note  that  water  in  Sandusky  Bay  area 
has  receded  (see  Fig.  11a  for  comparison). 


nine  warmer  months  of  the  year  in  the  past.  However,  as  illustrated  in 
Figure  12,  ERTS-1  imagery  of  February  18,  1973  revealed  that  shipping  on 
Lake  Erie  could  possibly  occur  on  a year-wide  basis  with  some  assistance  by 
ice  cutters.  The  Ohio  Departments  of  Transportation  and  DECD  are  pursuing 
this  interest. 


Fig.  12.  Successive  ERTS-1  photos  of  17  and  18  February  73  showing 
ice  conditions  on  Lake  Erie. 


DCF  Demonstration  Activity 


In  addition  to  the  ERTS  imagery  analysis,  a single  DCP  has  been  used  in 
the  Ohio^ERTS  program  to  demonstrate  the  utility  of  the  ERTS  Data  Collection 
System  (DCS)  for  potential  state  use  in  an  operational  mode.  The  platform 
was  installed  in  December,  1972  and  operated  until  late  July,  1973,  except 
for  one  outage  due  to  lightning  damage,  which  required  shipment  of  the  plat- 
form to  Wallops  Island  for  repair.  The  platform  has  been  interfaced  with  a 
Schneider  Model  RM  25  Robot  Monitor,  which  senses  seven  water  quality  and 
five  meteorological  parameters.  An  ERTS  utility  demonstration  report  is 
being  prepared  describing  and  summarizing  the  results  of  this  experiment 
for  use  of  state  personnel  in  evaluating  the  potential  operational  utility  of 
the  DCS . 


Transportation  Planning 


The  Department  of  Transportation  is  looking  at  satellite  data  from 
both  transportation  planning  and  support  to  other  agencies  from  the  viewpoint 
of  base  maps.  They  hope  to  eventually  use  up-to-date  ERTS  base  maps  for 
general  land  and  soil  studies,  land  development  plans,  tax  information, 
geological/construction  implications,  noting  the  availability  of  existing 
surveys,  and  as  an  aid  to  determine  updating  requirements  for  USGS  topographic 
map  series. 
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Sanitary  Land  Fill  Detection 


At  the  request  of  OEPA  personnel  a preliniinary  assessment  of  the 
ability  of  ERTS  imagery  to  provide  an  inventory  of  sanitary  land  fills  (many 
illegal)  throughout  the  state  was  undertaken.  However:  the  resolution  of 
current  ERTS  imagery  was  found  inadequate  for  this  application. 


Abandoned  Hines  Study 


The  capability  of  ERTS  to  detect  areas  mined  many  years  ago  has 
been  used  by  the  Ohio  Geological  Survey  to  determine  how  much  of  certain  coal 
seams  remain  to  be  mined.  In  this  study,  rather  than  a time-consuming  search 
of  old  permit  records,  ERTS  photography  was  used  to  determine  if  certain 
suspected  areas  had  been  strip  mined  years  ago. 

The  Department  of  Natural  Resources  has  also  begun  studies  on  the 
seepage  of  surface  water  into  old  underground  mines  in  southeastern  Ohio  and 
the  resulting  acid  mine  water  pollution.  ERTS  imagery  has  been  used  to  detect 
possible  wet  areas  in  which  surface  water  is  prominent  by  vegetative  patterns 
and  vegetation  differences  which  may  be  due  to  adverse  affects  of  such  pollution. 


Floodplain  Monitoring 

Department  of  Natural  Resources  is  interested  in  determining  to 
what  extent  ERTS  data  could  be  used  to  detect  new  developments  encroaching 
upon  the  floodplain  and  from  this  the  extent  to  which  the  repetitive  nature 
of  orbital  survey  data  could  be  used  to  monitor  the  floodplains.  Approximately 
50  percent  of  Ohio’s  cities  are  periodically  subjected  to  flood  damage. 

Results  will  be  important  to  the  ability  to  enforce  statewide  floodplain 
regulations  under  legislative  consideration  in  Ohio. 


Air  Pollution 


Since  major  smoke  plumes  are  discernible  in  ERTS  imagery,  the  Ohio 
EPA  plans  to  use  ERTS  data  on  the  location,  movement,  and  confluence  of  smoke 
plumes  to  test  computer  air  motion  models  being  developed  for  use  in  state 
wide  major  air  pollution  control  practices. 


Education 


The  Ohio  State  University  is  cooperating  with  participating  S tate 
government  agencies  and  BCL  in  pursuing  the  educational  implications  of  ERTS 
data  applications.  Specialized  workshops,  interdepartmental  seminars,  and 
formal  courses  have  been  organized  in  which  ERTS  and  aircraft  data  on  Ohio 
are  being  utilized. 
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UTILITY  ASSESSMENT 


The  major  requirement  of  the  Ohio-ERTS  program  is  to  assess  the 
potential  state  value  of  ERTS  data  applications.  The  State  of  Ohio,  through 
Battelle  Columbus  Laboratories,  has  demonstrated  ERTS-l  data  use  opportunities 
to  officials  at  the  federal,  state,  regional,  and  local  levels.  Representa- 
tives of  nearly  every  facet  of  Ohio  environmental  protection,  resource  manage- 
ment, and  land  use  planning  have  witnessed  the  potential  utility  of  ERTS  data 
as  applied  to  their  discipline  interest,  and  the  reaction  has  been  extremely 
favorable  and  enthusiastic. 

As  a response  to  almost  daily  requests  from  various  planners 
throughout  Ohio  to  have  ERTS-l  capabilities  and  data  use  possibilities  explained 
and  demonstrated,  and  to  assist  in  making  the  final  state  utility  assessment, 
the  Department  of  Economic  and  Community  Development  is  planning  a statewide, 
ERTS  workshop  to  be  held  in  late  January.  All  planners  and  officials  from 
state  agencies,  regional  planning  organizations,  and  local  planning  and  policy 
departments  will  be  invited  to  review  the  potential  utility  of  ERTS  data 
established  to  date,  and  to  test  the  appropriateness  of  ERTS  data  to  their 
particular  problem-solving  needs  and  interests.  In  this  way,  not  only  will 
ERTS-l  data  utility  receive  the  maximum  exposure,  but  also  direct  involvement 
in  real-time  problem-solving  experiments  will  provide  tangible  and  retainable 
evidence  for  planners  to  consider  when  integrating  the  role  of  ERTS  in  their 
future  plans  and  programs. 

In  addition, participants  will  be  specifically  requested  to  contribute 

to: 


(1)  Assessment  of  the  potential  state  benefit  inherent 
in  the  use  of  ERTS  data  developed  during  the  work- 
shop as  well  as  that  contained  in  demonstration 
products  prepared  in  the  application  areas  of 
surface  mining,  land  use,  and  agriculture  and  forestry 

(2)  Determination  of  the  operational  implications  of 
Ohio-ERTS  data  user  progress  made  to  date. 


SUMMARY 

Although  progress  to  date  has  been  significant  and  swift,  the  applica- 
tion of  remotely-sensed  data  and  particularly  satellite  data  has  only  just 
begun  in  Ohio  state  government.  Bie  development  and  operational  employment 
of  specific  techniques  and  applications  for  state  government  is  very  difficult, 
time  consuming,  and  most  important,  quite  expensive.  Ohio  for  one  simply 
cannot  afford  to  develop  this  technology  on  its  own. 

These  meetings  are  a great  help  in  exchanging  ideas,  techniques, 
and  findings.  Certainly,  a key  challenge  existing  at  the  state  user  level  is 
the  establishment  of  procedures  for  translating  ERTS  data  into  families  of 
useful  products  that  can  be  effectively  absorbed  into  on-going  decision  making 
activities.  State  government  is  doing  its  job,  perhaps  not  as  effectively  as 
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we  would  like,  but  it  is  doing  the  job*  Thus,  the  general  philosophy  among 
many  state  officials  is  **Why  should  we  bother  with  this  stuff?”,  or  **How  will 
it  help  me  do  my  job  better?*’,  and  these  are  indeed  valid  questions  to  which 
we  must  effectively  respond.  The  days  of  ill-defined  practices,  and  equipment 
developed  at  great  expense  are  giving  way  to  austere  but  effective  management 
and  utilization  of  data.  Collection  technology  is  far  ahead  of  utilization 
(data  reduction)  technology  as  is  evidenced  by  the  vast  amount  of  imagery  that 
has  never  been  utilized  even  superficially. 

Accordingly,  we  must  try  to  arrange  for  increased  budgeting  at  all 
levels  of  government  to  accelerate  the  application  and  utilization  of  existing 
and  anticipated  remote -sensing  data.  To  create  a larger,  state-user  d^nand 
for  remote-sensing  products  and  services  requires  that  application  efforts  in 
the  near  future  be  as  specific  and  inexpensive  as  possible. 
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Paper  E 5 


ERTS  IMAGERY  AS  A SOURCE  OF  ENVIRONMENTAL  INFORMATION  FOR 
SOUTHERN  AFRICA 

Douglas  T Williamson  and  Brian  Gilbertson,  Spectra!  Africa,  P.O.  Box  2,  Randfontetn.  Rep.  of  South  Africa 


ABSTRACT 

Southern  Africa  is  faced  with  a variety  of  environmental  problems 
that  reflect  the  different  states  of  development  of  countries  in 
the  region.  The  task  of  the  environmental  planner  is  in  many 
instances  complicated  by  a lack  of  basic  resource  information* 

The  acquisition  of  the  necessary  data  is  often  impeded  by 
shortage  of  trained  personnel  and  lack  of  funds,  particularly 
in  developing  nations  of  the  region. 

This  paper  describes  the  range  of  environmental  problems  in 
Southern  Africa  andshows  specific  examples  of  how  ERTS  type 
imagery  can  materially  assist  in  solving  these  problems. 

These  examples  demonstrate  that  ERTS  type  data  will  be  of  sub- 
stantial value  to  both  the  industrialized  and  the  developing 
nations  of  Southern  Africa,  provided  that  problems  of  availa- 
bility and  user  education  are  overcome. 


INTRODUCTION 

The  indices  of  table  1 show  that  the  countries  of  Southern  Africa 
are  at  different  stages  of  economic  development. 


TABLE  1 

Economic  Status  of  Countries  in  Southern  Africa  vs.  USA. 
(Source:  UN  Yearbook,  19713 


Country 

2 

Area  km 

Popula- 
tion 
density 
per  km2 

Gross 
Domestic 
Product 
US$  X 106 

Per 

Capita 

GPD 

US$ 

Per  Capita 
National 
Income 
US$ 

Botswana 

569  800 

1 

67 

110 

96 

Lesotho 

30  344 

30 

82 

92 

95 

Rhodesia 

389  362 

14 

1 454 

276 

252 

S.  Africa 

1 221  043 

17 

17  373 

838 

728 

Swaziland 

17  366 

23 

80 

208 

162 

U.S.Ai 

g 363  393 

22 

969  574 

4 734 

4 274 

'RECEDING 
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The  problems  that  these  countries  face  tend  to  reflect  their 
economic  status.  The  developing  nations  face  the  tasK  of  in- 
ventorying natural  resources  and  allocating  these  resources 
among  different  strategies  of  exploitation  and  develppment. 

The  more  developed  countries  to  some  extent  share  this  pro- 
blem but  must  also  cope  with  the  environmental  effects  of 
industrialization. 

The  development  of  resources  and  the  solution  of  environmental 
problems  is  an  urgent  matter  in  Southern  Africa.  As  in  other 
parts  of  the  world  populations  are  increasing  rapidly. 
Rhodesia’s  population,  for  instance,  is  expected  to  double 
within  16  years.  South  Africa’s  within  25  years.  These  popu- 
lations will  require  additional  resources  for  their  mainte- 
nance, let  alone  their  social  and  economic  advancement.  It 
is  thus  important  that  all  resources  be  efficiently  exploited 
to  maximize  benefits  from  non-renewable  resources  and  to  en- 
hance productivity  of  renewable  resources.  This  will  require 
precise  Knowledge  of  existing  resources  and  surveillance  of 
renewable  resources  to  detect  avoidable  degradation. 

The  resource  information  requirements  of  Southern  Africa  are 
summarised  in  the  first  column  of  table  2. 


TABLE  2 

Areas  of  Applicability  for  ERTS 
Imagery 


PROBLEM 

ADVANTAGES  OF  ERTS  TYPE  IMAGERY 

DPTIMUM 

CDVERAGE 

Problems  of  Planning 

a.  Resource  Inventory 

Regional  coverage,  ease  and  speed  of 
interpretation. 

Full  seasonal 
coverage 

b.  Resource  Allocation 

Display  of  geographic  and  ecological 
relationships  over  a wide  area. 

Full  seasonal 
coverage. 

c.  Environmental  Im- 
pact Studies 

Regional  coverage,  ease  and  speed  of 
interpretation 

As  required 

Problems  of  Control 

a.  Detection  of  Re- 
source Oegradatlon 

Repetitive  coverage  over  large  areas 

Seasonal 

Monitoring  changes 
in  land  use 

Repetitive  coverage  over  large  areas 

Every  3-5 
years 

c«  Possibly,  Monitor- 

Repeated regional  coverage  allowing 

As  often  as 

ing  industrial  & 

extrapolation  of  data  gathered  in 

1 possible,  op- 

urban pollution 

small  areas  on  the  ground 

timum  daily 
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Environmental  Knowledge  of  Southern  .Africa  is  inadequate  in 
important  respects.  Soil  and  vegetation  mapping,  for  example, 
have  for  the  most  part  been  completed  in  only  the  broadest 
outlines.  In  addition,  the  acquisition  of  environmental  data 
is  often  impeded  by  shortage  of  trained  personnel  and  lack  of 
funds.  ERTS- imagery  provides  a means  of  remedying  some  of 
these  Inadequacies.  In  the  next  section  we  discuss  specific 
applications  of  ERTS- imagery  to  environmental  problems  of  im- 
portance in  Southern  Africa.  One  example  from  many  has  been 
selected  from  each  of  the  categories  of  table  2, 

ENVIRONMENTAL  INFORMATION  FROM  ERTS  IMAGERY 


Resource  Inventory:  Figure  1 shows  ERTS  image  1053-07510,  and 

was  Chosen  to  illustrate  the  utility  of  ERTS  imagei^  for  re- 
source inventory.  It  covers  a large  portion  of  the  Chobe 
National  Park,  Botswana.  This  part  of  Northern  Botswana  has 
a semi-arid  climate  but  adjoins  two  major  water  resources,  the 
Okavango  Delta  and  the  Ghpbe-Linyanti  River  Complex.  Portion 
of  the  Kwhai  drainage  from  the  Okavango  is  visible  in  the 
lower  left  hand  corner  of  the  image.  The  Chobe-Linyantl  com- 
plex can  be  seen  in  the  upper  right  hand  corner  of  the  image. 
Intersting  geological  features  which  are  clearly  depicted 
are  the  fault  line  bounding  the  OKayango  system  and  the  . 
Mabobe  Depression,  which  was  formerly  a lake. 


FIG.  1 : NASA  ERTS  E-1 053-07510 
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The  image  provides  an  insight  into  the  distribution  and  areal 
importance  of  the  natural  vegetation  types.  Aquatic  vegetation, 
as  in  the  Chobe  Li nyanti  Complex  in  the  upper  right  hand  corner 
of  the  image  is  a striKing  red-brown  colour.  Colour  tonal 
differences  further  allow  differentiation  between  areas  of  open 
and  closed  woodland  CdarK  and  light  brown  tones),  mosaic  of  trees 
and  grassland  [patchy  brown  and  white  to  pale  areas),  and 
grassland  (pale  and  white  areas).  The  black  and  discoloured 
olive  sections  show  the  massive  extent  of  dry-season  burning 
in  this  part  of  the  world. 

Resource  Allocation:  The  Chobe  National  Park  image  of  figure  1 

also  illustrates  the  application  of  ERTS-data  to  problems  of 
resource  allocation.  A clear  insight  into  geographic  and  ecolo- 
gical relationships  Is  desirable  for  the  allocation  of  land 
resources  to  different  land  use  practises.  Figure  1 graphically 
portrays  drainage  patterns  and  the  distribution  of  surface 
water  and  natural  vegetation.  This  regional  perspective  of 
important  relationships  will  facilitate  the  task  of  deciding 
upon  the  the  land  use  practise  to  be  adopted  in  particular 
areas. 

Environmental  Impact  Studies:  It  is  impossible  to  implement 

development  programmes  without  some  measure  of  disturbance  to 
natural  communities  and  ecosystems.  However,  it  is  essential 
that  development  of  one  resource  should  not  be  needlessly 
destructive  of  other  resources,  and  for  this  reason  environ- 
mental Impact  studies  before  development  is  undertaken  are 
desireable. 

In  another  paper  (Williamson  and  Gilbertson,  1973)  it  was 
shown  that  ERTS  imagery  can  be  applied  to  this  end.  An 
image  of  the  Knysna  coast  was  studied  to  determine  the  likely 
effect  of  a freeway  development. 


FIG.  2 s ERTS  E-1231-07452 
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The  image  enabled  an  estimate  of  the  impact  of  the  develops* 
ment  to  be  made  rapidly  and  with  a satisfactory  degree  of 
accuracy.  Offical  estimates  of  likely  damage  to  Indigenous 
forests  of  the  region  were  from  0.024%  to  0.25%,  the  esti- 
mate based  on  the  ERTS  image  was  0.20%. 

Detection  of  Resource  Degradation;  A portion  of  southern, 
central  Rhodesia  is  shown  in  figure  3.  The  dark  band  running 
from  the  top  towards  the  bottom  of  the  image,  slightly  left 
of  centre  is  an  important  geological  structure,  the  Great 
Dyke.  Around  the  lower  end  of  the  Great  Dyke  and  curving 
away  and  back  toward  it  on  the  right  are  paler  areas  with 
sharply  defined  edges.  On  maps  of  the  same  scale  as  the  image 
the  edges  of  these  pale  areas  register  with  the  boundaries 
of  the  African  Tribal  Trust  lands.  In  the  pale  areas  severe 
overgrazing  has  decimated  the  natural  vegetation. 


This  type  of  degradation  is  widespread  in  Southern  Africa. 
Frequently  it  is  accompanied  by  the  drying  up  of  perennial 
watering  points  because  ground  water  is  not  replenished  due 
to  increased  run  off  through  lack  of  vegetative  covering. 

The  ability  to  detect  and  control  such  deterioration  is 
vital  if  lands  are  to  remain  sufficiently  productive  to 
support  the  burgeoning  population  of  the  developing  world. 

flonitorlng  changes  in  Land  Use:  The  Knysna  image  of  fi- 

gure 2 also  illustrates  the  utility  of  ERTS  imagery  in 
monitoring  changes  in  land  use  practise.  Comparison  of  this 
image  and  an  adjacent  one  with  existing  maps  revealed  that 
areas  of  natural  grassland  and  low  shrub  were  being  replaced 
by  plantations  of  introduced  coniferous  trees.  The  ERTS 
images  also  showed  the  encroaching  freeway  development  which 
was  not  mapped. 

Monitoring  Pollutions  Figure  4 shows  part  of  the  Witwaters- 
rand  complex.  The  position  of  the  city  of  Johannesburg  is 
marked  with  an  A,  and  a line  of  minedumps  stretch  from  east 
to  west.  Wind  and  water  erosion  of  these  dumps  is  an  en- 
vironmental hazard  which  is  controlled  largely  by  establish- 
ing a cover  of  vegetation  on  the  dumps.  Varying  degrees  of 
vegetative  cover  can  be  distinguished  on  the  image. 


The  wastes  and  smoke  of  a large  steel  factory  near  the  Vaal 
river  are  visible  south  of  Johannesburg,  at  a point  marked  B. 
Large  areas  of  haze  can  also  be  seen  to  the  North  and  East  of 
Johannesburg.  Grass  fires  contribute  largely  to  this  but 
urban  and  industrial  smog  may  also  be  contributing  factors. 
This  cannot  be  confirmed  because  conditions  were  not  monitored 
'at  tha  time  of  the  satellites  overpass  but  it  is  worth  noting 
that  the  satellites  coverage  of  the  Witwatersrand  may  enable 
measurements  of  air  quality  made  at  strategic  points  to  be 
extrapolated  to  provide  a picture  of  air  quality  over  the 
entire  region. 


DISCUSSION 

The  unique  advantages  of  ERTS  imagery  that  emerge  from  the 
preceding  discussion  are  summarised  in  column  2 of  table  2. 

It  is  clear  that  the  main  benefits  lie  in  the  field  s of  large 
area  inventory  and  planning,  and  in  environmental  surveillance 
on  a regional  basis.  It  is  useful  to  compare  the  costs  of 
ERTS-data  in  these  roles  with  those  of  more  conventional  methods. 

Table  3 presents  a data  users  point  of  view,  and  compares  the 
costs  of  aerial  photography  and  ERTS  imagery  over  a large 
region.  It  is  clear  that  a substantial  economic  saving  is 
offered  by  the  ERTS  data.  Further  economies  occur  in  the  inter- 
pretation phase.  For  example,  regional  geological  CViljoen, 

1973)  and  vegetative  (Williamson,  1973)  mapping  programs  in 
Southern  Africa  have  already  shown  that  a good  deal  of  time  can 
be  saved  via  the  utilization  of  ERTS-data. 

TABLE  3 

Comparison  of  approximate  costs  (in  US$)  of  aerial  photography 
vs,  ERTS  imagery  for  coverage  of  an  area  45  000  km2 


Item 

ERTS 

1s 250  000 

Black  & White 
I s 40  000 
aerial 

Aerial 
Colour 
Is 40  000 

Number  of  prints  requirecJ 
to  cover  area. 

2 

1 500 

1 500 

Cost  of  acquiring  existing 
photography. 

18 

Governm.  300 
Commerc.  1000 

7 500 

Cost  of  photography  that 
must  be  undertaken  by  user 

- 

33  000 

43  000 

Cost  of  laydown  of  uncon- 
trolled mosaic 

- 

5 500 

5 500 

Cost  of  photography  of  un- 
controlled mosaic. 

- 

1 000 

1 700 

Total  cost  if  photography 
existence 

16 

7 000 

15  000 

Total  cost  if  user  must 
undertake  photography 

40  000 

50  000 
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The  cost  benefits  to  the  data  user  ernphasize  the  value  of 
the  ERTS-type  imagery.  However,  the  extent  to  which  such 
imagery  will  come  into  widespread  use  in  Southern  Africa 
for  the  planning  and  control  problems  of  table  2 will  depend 
not  only  on  cost,  but  obviously  also  on  the  availability  of 
imagery  of  acceptable  quality  and  frequency. 

In  problems  of  planning  it  is  desirable  that  the  data  base 
be  as  complete  as  possible.  One  requirement  is  that  cloud- 
free  ERTS-1  coverage  of  the  entire  area  be  available.  This 
goal  has  already  been  achieved  to  a large  extent,  though 
not  entirely,  as  is  shown  in  figure  5.  Furthermore,  since 
repetitive  imagery  can  enhance  the  value  of  the  data,  and 
in  fact  provide  unique  information  {Grootenboer,  1973)  it  is 
also  desirable  that  seasonal  coverage  be  available.  As  yet 
no  area  of  Southern  Africa  has  received  cloud-free  coverage 
over  four  seasons (see  figure  6.) 

In  problems  of  control  the  timing  of  the  coverage  is  of 
principal  interest.  Consequently,  further  ERTS-type  pro- 
grams, with  carefully  selected  coverage  cycles,  will  be 
required  for  these  applications.  The  third  colonn  of  table  2 
comments  on  the  coverage  cycle  requirements  of  specific 
types  of  resource  problem. 


FIG.  5 S One-time  Cloud-free 
coverage,  NASA  "good" 
rating. 
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Finally  it  should  be  noted  that  future  use  of  ERTS  data  will 
also  depend  on  the  education  of  potential  data  users  regarding 
the  application  techniques.  The  reaction  of  many  potential 
users  of  ERTS  data  is  to  asK  for  greater  resolution.  Often 
this  is  unnecessary,  and  stems  only  from  prior  experience  with 
conventional  aerial  photography.  Effective  demonstration  of 
results  will  be  required  to  overcome  this  obstacle. 


CONCLUSIONS 

The  developing  countries  of  Southern  Africa  face  a variety 
of  environmental  problems.  Important  information  required  in 
approaching  some  of  these  problems  can  be  obtained  from 
ERTS-type  Imagery.  For  planning  applications,  ERTS-1  has 
already  provided  a sound  data  base  of  cloud- free  imagery  over 
most  of  Southern  Africa.  However,  some  gaps  in  the  coverage 
still  remain,  and  a desirable  extension  would  be  complete 
seasonal  Coverage.  The  applications  in  problems  of  control 
have  been  demonstrated,  but  the  eventual  value  will  depend 
on  the  availability  of  repetitive  coverage  from  future  ERTS 
projects.  Finally,  an  intensive  user  education  program  is 
needed  if  the  long-term  benefits  are  to  be  maximised. 

If  these  problems  of  availability  and  user  education  are  over- 
come it  is  probable  that  ERTS  type  data  will  be  of  substantial 
value  to  both  the  Industralized  and  the  developing  nations  of 
Southern  Africa. 
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APPLICATION  OF  ERTS  IMAGERY  IN  ESTIMATING  THE  ENVIRONMENTAL  IMPACT 
OF  A FREEWAY  THROUGH  THE  KNYSNA  AREA  OF  SOUTH  AFRICA 

Douglas  T Williamson  and  Brian  Gilbertson,  Spectra!  Africa,  P.0,  Box  2,  Randfontein.  Rep.  of  South  Africa 


ABSTRACT 

In  the  coastal  areas  north-east  and  south-west  of 
Knysna,  South  Africa  lie  natural  forests,  lakes 
and  lagoons  highly  regarded  by  many  for  their 
aesthetic  and  ecological  richness.  A freeway  con- 
struction project  has  given  rise  to  fears  of  the 
degradation  or  destruction  of  these  natural  features. 

We  investigated  the  possibility  of  using  ERTS 
imagery  to  estimate  the  environmental  impact  of 
the  freeway  and  found  that 

(a3  All  threatened  features  could  readily  be 
identified  on  the  imagery  and  their  posi- 
tion in  relation  to  the  proposed  freeway 
route  was  immediately  obvious. 

(b3  It  was  possible  within  a short  time  to 
provide  an  area  estimate  of  damage  to 
indigenous  forest  which  matched  official 
estimates  based  on  more  protracted  studies. 

(c3  In  several  important  respects  the  imagery 
has  advantages  over  maps  and  aerial  photos 
for  this  type  of  work. 

Cd3  The  imagery  will  enable  monitoring  of  the 
actual  environmental  impact  of  the  freeway 
when  completed. 

We  concluded  that  ERTS  imagery,  with  its  regional 
coverage,  ease  and  speed  of  interpretation,  will 
streamline  environmental  impact  studies  of  this 
scope  with  likely  economic  benefits. 


INTRODUCTION 

The  coastal  area  of  South  Africa  around  Knysna  is  one  of  the 
country’s  most  valuable  recreational  resources.  It  is  endowed 
with  natural  lakes,  lagoons  and  estuaries  and  in  this  area  are 
found  the  relics  of  once  extensive,  indigenous  montane  forests. 
Tourism  is  the  major  industry. 
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In  April  1973  it  was  announced  that  a large  freeway  was  to  be 
developed  through  the  Knysna  area.  The  project  was  criticized 
on  the  grounds  that  it  would  destroy  natural  features  and  ir- 
reversibly  diminish  the  aesthetic  and  hence  the  reGreatianal 
value  of  the  countryside. 

nany  conflicting  views  were  expressed  about  the  likely  reper- 
cussions of  the  project  and  it  became  obvious  that  a rapid  and 
♦ objective  means  of  assessing  the  impact  of  the  development 
was  desirable-  It  was  therefore  decided  to  investigate  the 
applicability  of  ERTS  type  imagery  to  this  sort  of  problem. 


METHODS  AND  RESULTS 

The  objective  of  the  study  was  to  determine  whether  ERTS  imagery 
could  be  used  to  identify  natural  features  threatened  by  the 
freeway,  and  to  provide  a quantitative  estimate  of  the  likely 
areal  extent  of  damage  to  the  indigenous  montane  forest. . A 
colour  composite  in  the  conventional  false  colour  mode  was 
prepared^ from  ERT5-1  image  1231-07452  at  a scale  of  1:500  000, 
and  is  reproduced  as  figure  1. 


FIG.  1 : ERTS-1  image  of  the  Knysna  Area. 
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To  identify  threatened  features,  the  freeway  route  was  established 
from  press  releases  and,  with  the  aid  of  a P 1 an vario graph,  a 
tracing  was  produced  of  the  route  and  the  coastline  at  the  same 
scale  as  the  ERTS  image.  This  tracing  was  superimposed  on  the 
Knysna  image,  and  vulnerable  features  that  could  be  detected  along 
the  course  of  the  road  were  noted. 

In  this  way  a number  of  vulnerable  features  were  identified. 

Four  estuarine  ecosystems  were  found  to  lie  in  the  path  of  the 
freeway-  These  productive  systems  are  endangered  by  siltation 
caused  by  accumulation  of  silt  and  debris  around  the  pillars 
carrying  the  freeway  across  the  estuary.  It  was  also  found  that 
the  freeway  will  pass  through  two  areas  of  indigenous  forest. 
Construction  of  the  road  will  obviously  necessitate  clearing  of 
a broad  swathe  through  these  areas.  Another  vulnerable  feature 
identified  was  an  area  of  dense  vegetation  covering  coastal  dunes 
that  will  be  traversed  by  the  freeway.  The  importance  of  the 
vegetation  is  that  it  stabilizes  the  dunes  and  there  is  a danger 
that  disturbing  it  will  result  in  subsidence  and  wind  and  water 
erosion. 

The  list  of  vulnerahie  features  so  prepared  was  compared  with 
features  mentioned  in  various  statements  on  the  controversy. 

This  comparison  established  that  we  had  been  able  to  identify 
all  features  for  which  fears  had  been  expressed  by  protestors 
with  a first-hand  Knowledge  of  the  area. 

To  estimate  the  liKely  extent  of  damage  to  the  indigenous  forest 
it  was  necessary  to  first  estimate  the  area  of  these  forests 
and  the  width  of  the  path  of  freeway  construction.  As  ground 
truth  we  used  government  topographical  maps,  on  which  some  vege- 
tation  boundaries  are  marked,  and  in  this  way  identified  areas 
of  indigenous  forest  on  the  ERTS  image.  In  the  process  of 
identifying  these  areas  many  differences  were  observed  between 
mapped  vegetation  and  the  ERTS  image.  These  differences  were 
investigated  by  examining  black  and  white  aerial  photography  and 
by  ground  inspection.  They  were  found  to  be  the  result  of  a 
ehange  in  land  use  where  areas  of  natural  grass  and  shrub  had 
been  replaced  by  plantations  of  introduced  coniferous  trees. 

The  revised  ground  truth  was  used  to  determine  the  location  of 
indigenous  forests  and  their  areas  were  measured  using  a com- 
pensating planimeter. 

The  area  to  be  destroyed  by  construction  was  firstly  measured 
on  an  adjacent  ERTS  image  which  showed  the  encroaching  freeway 
development,  and  a mean  width  of  130  meters  was  obtained, 
neasured  on  the  ground  with  a steel  tape  the  mean  width  was 
only  52  meters.  Because  the  Instantaneous  field  of  view  of 
the  ERTS  MSS  subtends  an  earth-area  square  of  approximately 
80  meters  on  a side,  an  exaggerated  reading  for  a high  contrast 
feature  such  as  the  road  is  not  unexpected. 
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From  these  measurements  of  freeway  width  and  forest  area  it 
was  estimated  that  approximately  0.20%  of  the  indigenous  forest 
would  be  destroyed  by  the  construction  of  the  freeway.  Two 
official  estimates  of  0.024%  and  0.25%  were  quoted  in  the  press. 
Government  spokesmen  were  reported  to  have  said  that  4 years 
were  spent  in  considering  the  route  of  the  freeway.  The  present 
study  occupied  but  a few  weeks. 

It  is  worth  noting  that  the  ERTS  image  presents  a permanent 
record  of  the  forest  prior  to  the  freeway  construction.  Com- 
parison with  subsequent  satellite  imagery  will  allow  the 
actual  impact  of  the  freeway  to  be  determined.  This  will  be 
valuable  for  the  investigation  of  similar  environmental 
hazards  in  the  future. 


DISCUSSION 

It  is  obvious  that  maps  or  aerial  photography  could  be  used 
for  an  environmental  impact  study.  However,  our  study  of  the 
Knysna  image  has  convinced  us  that  ERTS  type  imagery  has 
advantages  for  this  type  of  work  over  both  maps  and  aerial 
photography. 

It  has  the  advantage  over  maps  that  it  presents  far  more  in- 
formation than  the  typical  map  does  and  so  promotes  an  inte- 
grated approach  to  planning.  Satellite  imagery  has  the  further 
advantage  that  it  is  a more  nearly  contemporoneous  record  of 
existing  conditions  than  maps  are.  For  example,  the  government 
topographical  maps  used  in  this  study  took  5 to  6 years  to 
produce.  Contemporaneity  is  a particularly  important  considera- 
tion where  dynamic  features  such  as  vegetation  are  in  issue. 

The  advantage  of  satellite  imagery  over  aerial  photography  is 
that  it  is  physically  and  conceptually  easier  to  handle.  Tens 
or  hundreds  of  aerial  photographs  are  required  to  provide  the 
same  coverage  as  an  ERTS  image  and  to  give  comparable  ease  of 
regional  interpretation.  These  must  be  made  into  a mosaic, 
which  will  still  be  far  larger  and  more  laborious  to  interpret 
than  an  ERTS  image.  The  synoptic  coverage  of  satellite  imagery 
makes  information  far  more  accessible  to  the  interpreter’s 
immediate  consciousness.  This  accessibility  of  information  is 
particularly  valuable  in  circumstances  where  it  is  important 
that  a wide  range  of  factors  be  considered. 


SUNNARY  AND  CONCLUSION 

The  coastal  area  around  Knysna  is  one  of  South  Africa’s  most 
valuable  recreational  resources.  A projected  freeway  develop- 
ment through  the  area  has  been  criticised  as  a likely  degrading 
influence  upon  the  region. 
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A study  was  undertaken  to  establish  whether  ERTS  type  imagery 
could  provide  an  objective  estimate  of  the  environmental  impact 
of  this  development.  A number  of  estuarine  ecosystems,  areas 
of  indigenous  forest  and  a stretch  of  coastal  dunes  covered 
by  a protective  mat  of  vegetation  were  found  to  be  in  the  path 
of  the  freeway.  A quantitative  estimate  was  made  of  the  likely 
areal  extent  of  damage  to  the  indigenous  forest.  This  estimate 
fell  within  the  range  of  official  estimates. 

It  was  concluded  the  ERTS  imagery  provides  a perspective  which 
facilitates  the  investigation  of  the  type  of  environmental 
hazard  inherent  in  the  Knysna  freeway  development. 
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APPLICATIONS  OF  ERTS-1  IMAGERY  TO  TERRESTRIAL  AND  MARINE  ENVIRONMENTAL 
ANALYSES  IN  ALASKA 

D,  IVI.  Anderson,  H.  L.  McKim,  W.  K.  Crowder,  R K Haugen,  L.  W.  Gatto,  T L Marlar,  U.  S,  Army  Cold 
Regions  Research  and  Engineering  Laboratory,  Hanover,  New  Hampshire  03755 


ABSTRACT 

ERTS-1  imagery  provides  a means  of  distinguislaing  and  monitoring 
estuarine  surface  water  circulation  patterns  and  changes  in  the 
relative  sediment  load  of  discharging  rivers  on  a regional  hasis- 
This  information  is  being  used  to  produce  a data  base  useful  in 
regional  planning  and  in  the  development  of  management  programs  as 
required  by  the  Coastal  Zone  Management  Act  of  1972.  It  also  will 
aid  local  fishing  industries  by  augmenting  currently  available 
hydrologic  and  navigation  charts. 

The  interpretation  of  geologic  and  vegetation  featxires  resulted  in 
preparation  of  improved  surficial  geology,  vegetation  and  perma- 
frost terrain  maps  at  a scale  of  1;1  million  utilizing  ERTS-1  Band 
7 imagery.  This  information  will  be  f\irther  utilized  in  a route 
and  site  selection  study  for  the  Home  to  Kobuk  Road  in  central 
Alaska. 

Large  river  icings  along  the  proposed  Alaska  pipeline  route  have 
been  monitored.  Sea  ice  deformation  and  drift  northeast  of  Point 
Barrow,  Alaska  has  been  measiired  dxiring  a four  day  period  in  March 
and  shorefast  ice  accumulation  and  ablation  along  the  west  coast  of 
Alaska  is  being  mapped  for  the  spring  and  early  summer  seasons. 
These  data  will  be  used  for  route  and  site  selection,  regional 
environmental  analysis,  identification  and  inventory  of  natural 
resources,  land  use  planning,  and  in  land  use  regulation  and 
management . 


INTRODUCTIOH 

Two  of  the  greatest  problems  in  arctic  and  subarctic  environmental 
research  have  been  the  absence  of  long-term  observational  data  and 
sparse  geographical  coverage.  Studies  of  synoptic  environmental  events 
over  regional-sized  areas  have  been  either  impossible  or  prohibitively 
expensive.  Problems  of  resource  utilization  have  recently  been  drama- 
tized in  Alaska,  where  a severe  lack  of  basic  environmental  data  and 
understanding  has  collided  with  rapidly  mounting  pressxires  for  extensive 
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development  of  extractive  industries,  transportation  systems,  and  popu- 
lation centers.  The  existing  information  on  river,  lake,  and  coastal 
hydrology,  and  on  the  distribution,  properties  and  behavior  of  perma- 
frost terrain  is  insufficient  for  an  understanding  of  the  various 
environments  and  their  interrelationships.  The  history  of  construction 
and  technological  development  in  these  areas  dramatically  illustrates 
the  difficulties  caused  by  environmental  extremes  and  the  possibility  of 
serious  unforeseen  consequences  of  disturbing  established  environmental 
equilibria. 

Two  examples  illustrate  the  point.  The  proposal  to  construct  a trans- 
Alaska  pipeline  several  years  ago  created  an  urgent  need  for  general  and 
specific  information  on  the  environment  across  the  entire  state. 

Voluminous  data  were  obtained , but  at  a high  cost , and  with  a great 
effort  by  many  individuals.  Some  of  the  data,  especially  that  pertain- 
ing to  route  selection  and  regional  patterns  of  soils,  vegetation,  and 
the  distribution  of  permafrost  could  have  been  acquired  at  a consider- 
able  savings  of  money  and  manpower  had  ERTS  imagery  been  available. 

« Now  that  the  decision  to  begin  construction  on  the  pipeline  has  been 

, made,  this  need  has  again  become  critical.  The  top  three  research 

topics  identified  recently  by  the  Alaska  Oil  and  Gas  Association  are; 
l)  ice  forces,  features  and  movements,  2)  permafrost  distribution  and 
Ca"  behavior,  and  3)  landfast  ice  surveys.  The  need  to  develop  remote 
^ H,,,  sensing  methods  to  rapidly  map  the  distribution  and  properties  of  sea 
* ice,  permafrost  and  shorefast  ice  in  Alaska  was  given  high  priority  at 
the  Second  International  Conference  on  permafrost  held  this  summer  in 
^ Yakutsk,  Siberia  and  is  being  highlighted  by  a National  Science  Founda- 
-tion  ad  hoc  committee  on  priorities  in  permafrost  research.  Accurate, 
up-to-date  maps  of  permafrost  and  shore  fast  ice  are  urgently  needed  in 
final  route  selections,  selection  of  pumping  stations  and  off-shore 
loading  facility  sites,  and  the  planning  and  implementation  phases  of 
pipeline  and  facilities  construction. 

The  second  example  of  a situation  where  the  availability  of  ERTS  imagery 
could  have  resulted  in  cost  savings  and  better  utilization  of  resources 
is  the  harbor  construction  at  Dillingham.  Following  construction,  it 
was  discovered  that  siltation  rates  were  so  high  that  they  threatened  to 
render  the  new  facility  useless  within  a short  time.  Continuous  dredg- 
ing is  required  to  maintain  the  harbor  throughout  the  ice-free  season. 

A more  favorable  site  could  have  been  selected  and  a serious  and  expen- 
sive problem  avoided  had  better  information  on  the  regional  and  local 
circulation  patterns  been  available.  Similar  projects  in  other  localities 
are  in  the  planning  stages.  Based  on  the  results  reported  here,  it  is 
clear  that  information  to  help  avoid  such  difficulties  is  now  available. 
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The  ohjeetives  of  this  investigation  are; 

1.  To  develop  application  of  ERTS-1  imagery  in  a synoptic  study  of 
surface  circ\ilation  patterns,  tidal  flat  configuration,  suspended  sediment 
distribution  and  water  mass  botmdaries  in  Cook  Inlet. 

2.  To  utilize  ERTS-1  imagery  in  the  analysis  of  the  relationships 
between  the  distribution  of  permafrost  terrain  on  a regional  scale  and 
geologic,  vegetative  and  other  environmental  factors. 

3.  To  identify  and  interpret  the  physical  and  cultural  features 
representative  of  the  major  physiographic  provinces  of  Alaska  for  the 
purpose  of  demonstrating  the  effectiveness  of  ERTS-1  imageary  in  cold 
regions  research  and  engineering. 

As  indicated  above,  coastal  processes  were  analyzed  in  Cook  Inlet  (area 
4,  Fig.  l).  Surface  circulation  patterns,  tidal  flat  configuration, 
suspended  sediment  distribution  and  water  mass  bo\mdaries  were  mapped  ^ 
from  MSS  bands  k and  5 imagery-  A 10-scene  photo  mosaic  of  a 153,400-km^ 
area  in  north-central  Alaska  (area  3,  Fig.  l)  was  constructed  for  a 
regional  environmental  analysis  from  MSS  band  5 imagery-  Seven  s\Jirficial 
geology,  eight  vegetative  cover  and  four  permafrost  terrain  units  were 
defined  and  delineated  on  this  photo  mosaic.  Permafrost  mits  were 
differentiated  and  delineated  from  tonal  and  textural  patterns  related 
to  surficial  geology  and  vegetation.  The  distribution  of  shore  fast  ice 
along  the  Alaskan  coast  was  examined  from  Point  Barrow  to  Cap  Krusenstern 
(area  2,  Fig.  l)  using  imagery  acquired  during  the  March  1973  ERTS 
passes  and  an  analysis  was  made  of  the  deformation  of  the  Arctic  pack 
ice  north  of  the  Alaskan  coast  from  Point  Barrow  to  Harrison  Bay  (area  1, 
Fig.  l). 


COASTAL  PROCESSES  IN  COOK  INLET 

Cook  Inlet  is  a large  tidal  estuary  in  southcentral  Alaska.  It  is 
oriented  in  a northeast- southwest  direction  and  is  approximately  330  km 
long  and  increases  in  width  from  37  km  in  the  north  to  83  km  in  the 
south.  The  inlet  is  bordered  by  extensive  tidal  marshes,  lowlands  with 
many  lakes,  and  mountains.  Anchorage,  the  state’s  most  populated  city, 
is  located  at  the  head  of  Cook  Inlet  and  is  the  center  of  transpor- 
tation, commerce,  recreation  and  industry.  The  use  of  Cook  Inlet  as  a 
water  route  to  this  growing  urban  area  will  increase  as  the  development 
of  the  regional  resources  continues.  The  estimated  petroleum  and  gas 
reserves  of  the  Cook  Inlet  area  are  7.9  billion  bbl  and  14.6  trillion 
cubic  feet,  respectively  (Crick,  1971).  Coal  deposits  in  the  Beluga 
River  region  are  estimated  at  more  than  2.3  billion  tons  (equivalent  to 
approximately  7 billion  barrels  of  oil)  (Evans  et  al,  1972).  In  view  of 
present  acute  energy  requirements  rapid  development  of  this  potential  is 
inevitable. 
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Figure  1 Site  Location  Map 
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Trading  Bay,  on  the  western  side  of  the  inlet  has  oil  and  gas  pro- 
ducing platforms  around  Middle  Ground  Shoal.  It  is  the  major  site  of 
petrole\im  production  in  the  Cook  Inlet  area.  An  oil  refinery  and  a 
tanker  terminal  are  located  at  Nikiski  15  miles  across  the  Inlet  and  a 
tanker  terminal  is  also  located  at  the  mouth  of  the  Drift  River  approxi- 
mately 30  miles  southwest  of  Trading  Bay.  Numerous  submarine  pipelines 
cross  the  inlet  and  several  crude  oil  gathering  facilities  are  located 
along  the  coast.  Additional  offshore  platforms,  coastal  facilities  and 
tanker  terminals  will  he  constructed  as  petroleum  production  increases 
and  as  the  southern  portion  of  the  inlet  is  developed.  Increased  utili- 
zation of  the  coastline  will  follow  as  facilities  are  constructed  in 
support  of  the  petroleum  industry. 

The  environmental  effects  of  the  regional  development  must  he  considered 
in  formulating  future  plans  for  the  region.  The  present  amounts  and 
types  of  pollution  in  the  inlet  will  increase  so  the  capability  of  the 
inlet  to  disperse  the  additional  pollutants  must  he  determined.  Sus- 
pended sediment  is  currently  the  dominant  pollutant  in  the  inlet.  It  is 
estimated  that  in  newly  developed  areas  as  much  as  20,000-30,000  times 
more  sediment  is  produced  than  in  natural  undisturbed  areas  {Environ- 
mental Currents,  19T2).  The  following  rivers  contribute  the  greatest 
amount  of  sediment  to  the  inlet  - Knik,  Matanuska,  Susitna,  Beluga, 
MacArthur,  Drift  and  Tuxedni.  The  watersheds  of  these  rivers  are  now 
the  areas  of  greatest  utilization  and  future  use  will  increase  their 
sediment  production. 

Other  so-urces  of  inlet  pollution  are  the  coastal  towns.  With  completion 
of  the  Asplund  Water  Pollution  Control  Facility  the  sewage  from  the 
Greater  Anchorage  Area  Borough  is  treated  prior  to  being  discharged  into 
the  inlet  near  Point  Woronof.  This  project  is  the  single  most  important 
environmental  protection  measure  so  far  undertaken  in  the  Anchorage  area 
(Alaska  Construction  and  Oil,  19T3).  The  remaining  cities  and  villages 
bordering  the  inlet  discharge  untreated  sewage  directly  into  the  inlet. 


Petroleum  pollution  in  the  inlet  originates  from  numerous  so-urces:  l4 

producing  offshore  platforms,  the  Drift  River,  Arness  or  Nikiski  tanker 
terminals,  submarine  and  coastal  pipelines,  the  gathering  and  handling 
facilities  along  the  coast  and  wastewater  effluent  from  the  Standard  Oil 
and  Tesboro  refineries.  Approximately  9500-17500  bbl/yr  or  0.3^  (Kinney, 
et  al,,  1970a)  of  the  total  crude  produced  is  accidentally  spilled  but, 
to  date,  the  spills  have  not  been  obviously  detrimental  to  coastal 
areas.  From  January  through  April  1972,  5 spills  occurred  in  the  inlet 
as  a result  of  accidental  disconnects  at  tanker  terminals  with  evidences 
of  the  spills  disappearing  in  3-^  days  (Kinney,  et  al,  1970a).  Because 
of  the  high  surface  turbulence  and  mixing,  oil  spills  rarely  reach 
shore;  they  simply  evaporate  and  disperse  as  they  move  up  and  down  the 
inlet  with  the  high  tidal  fluctuations. 
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Petro-chemicals  from  the  Phillips  liquified  natural  gas  plant  and  the 
Collier  Chemicals  ammonia  plant  at  Hikiski  are  introduced  in  the  inlet. 
The  effluent  outfalls  from  these  plants  are  located  in  a region  of  high 
turbulence.  Dilution  of  the  wastes  is  rapid  and  concentrations  remain 
below  harmful  levels  even  dtiring  the  low  runoff  winter  months  (Rosen- 
berg, .et  al.  , 1967). 

The  movement  and  strength  of  ice  in  Cook  Inlet  is  another  particularly 
important  aspect  of  the  inlet  environment  to  be  considered  when  offshore 
construction  is  planned.  The  inlet  ice  is  seasonal  and  remains  for 
approximately  k months  of  the  year.  It  is  fine-  to  medium-grained  (imm- 
4mm)  with  a salinity  of  .k-,6%  and  a ring  tensile  strength  of  10-20 
kg/cm^.  The  inlet  ice  exists  as  large  floes  which  are  commonly  greater 
than  320  meters  across  with  individual  blocks  generally  less  than  1 
meter  thick.  Pressure  ridges  up  to  6 meters  in  depth  occasionally  form 
(Blenkarn,  1970 ) . The  large  floes  move  up  and  down  the  inlet  with  the 
6-8  knot  currents  which  are  produced  by  9-Jiieter  semidiurnal  tides.  The 
regional  circxilation  patterns  that  move  the  ice  floes  within  Cook  Inlet 
are  controlled  primarily  by  the  interaction  between  the  semidiurnal 
tides  and  the  Coriolis  force. 

Using  suspended  sediment  in  the  inflowing  fresh  water  as  a tracer,  the 
current  patterns  have  been  distinguished  in  I^S  bands  4 and  5 imagery. 

The  distinction  between  the  saline,  oceanic  water  in  the  southeastern 
portion  of  the  inlet  and  the  fresher  sediment-laden,  inlet  water  in  the 
northern  and  southwestern  portions  has  been  used  to  detect  changes  in 
the  sediment  distribution  and  movanent  of  the  water  masses. 

Figure  2a  shows  differences  in  the  main  boundary  between  the  oceanic  and 
fresh  water  in  the  southern  inlet  on  two  successive  days.  The  boundaries 
separate  the  two  major  water  types  during  low  tide  at  Anchorage  and  high 
tide  at  Seldovia^  The  irregiilarity  of  the  western  portion  of  these 
lines  may  be  due  to  the  upwelling  of  cold,  saline  oceanic  water  that 
occurs  in  the  western  portion  of  the  inlet  (Kinney  et  al.  1970b ^ Evans 
et  al.  1972).  The  northern  portion  of  the  4 November  boundary  is  also 
quite  irregular,  possibly  due  to  a similar  cause.  Some  estuaries  are 
characterized  by  a salt  water  wedge  that  moves  headward  along  the 
bottom  while  the  fresh  water  outflow  moves  over  the  wedge  and  out  the 
estuary  (Bowden  1967)  . In  Cook  Inlet  a substtrface  tongue  of  oceanic 
water  progresses  headward  and  moves  up  the  shoaling  bottom  of  the  inlet 
to  the  latitude  of  Tuxedni  Bay  where  it  rises  to  the  surface  south  of 
Kalgin  Island  diiring  flood  tide  (Kinney  et  al.  1970b).  The  upwelling 
waters  appear  as  a large  area  of  clear  water  sxirrounded  by  sediment- 
laden water.  This  process  produces  a zone  of  high  nutrient  concentra- 
tion in  the  photic  zone  at  this  location.  This  may  be  significant  to 
the  fishing  industry  since  certain  species  of  fish  may  tend  to  ooncen- 
trate  in  this  high  nutrient  area.  Changes  in  the  boundary  over  an  18- 
day  cycle  are  shown  in  Figure  2b.  These  boundaries  are  generally 
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a.  Daily  changes. 

Figure  2.  Boundaries  separating  oceanic  and  inlet  water  (from  Anderson,  et  al.,  1973) 
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b.  Changes  over  18-day  period. 
Figiire  2 . (Continued) 


comparable  to  those  in  Figure  2a.  Although  changes  in  the  sediment 
distribution  and  surface  circulation  produce  some  obvious  alterations  in 
the  regional  distribution  of  water  types,  the  overall  relationships 
appear  to  persist  with  time. 


REGIONAL  ENVIRONMENTAL  ANALYSIS 

The  first  usable  ERTS-1  images  for  our  investigation  were  obtained 
during  orbit  30  on  25  duly  19T2.  Since  then  more  than  SiOOO  individual 
scenes  have  been  reviewed.  Those  images  that  are  relatively  cloud-free 
and  taken  at  acceptable  sxin  elevations  have  been  used  to  construct  a 
number  of  photo  mosaics  of  areas  chosen  for  detailed  analysis. 

The  surficial  geology  was  mapped  on  the  1;1  million  scale  photo  mosaic 
(Fig.  3)  with  the  aid  of  stereo  pairs  and  other  available  ground  truth. 
Seven  recognizable  units  were  defined  (Fig.  4).  Bedrock  (b)  consists  of 
in-situ  bedrock  and  very  coarse,  rubbly  bedrock  colluvium  primarily 
confined  to  steep  slopes  and  mountain  crestlines.  Bedrock-colluvium 
(be ) is  composed  of  coarse-  to  fine-grained  deposits  oc ciirring  on 
moderate  to  steep  slopes  in  mountainous  terrain  and  rolling  uplands 
which  have  minor  scattered  bedrock  exposures  restricted  to  the  uppermost 
slopes  and  crestlines.  Alluvial-glaciofluvial  deposits  (Qag)  are  fine- 
to  coarse-grained  sediments  derived  from  reworked  glacial  and  alluvial 
deposits,  morainal  deposits,  till,  and  outwash  gravels  and  sands.  These 
deposits  occur  in  part  on  modified  morainal  topography  and  large  alluvial 
terraces.  Fluvial-lacustrine  deposits  (Qfl)  consist  of  fine-grained 
sands  and  silts  associated  with  abandoned  floodplains  and  low-lying 
terraces.  They  may  include  windblown  sand  and  silts.  Undifferentiated 
alluvial  deposits  (Qal)  are  fine-  and  medium-grained  alluvial  fan, 
terrace,  stream  and  eolian  deposits.  Fluvial  deposits  (Qfp)  are  fine- 
and  medixom-grained  silts  and  sands,  generally  well  roxznded,  associated 
with  modern  floodplains  and  low-lying  terraces.  Eolian  deposits  (Qe) 
are  fine-grained  windblown  sediments,  deposited  on  gently  to  moderately 
sloping  hills  and  low-lying  flatlands  and  include  areas  of  actively 
drifting  dunes. 

The  units  defined  for  mapping  the  surficial  geology  and  the  surficial 
geology  map  made  from  the  ERTS-1  imagery  at  1:1  million  scale  were  sub- 
sequently compared  to  USGS  Miscellaneous  Geologic  Investigations  Maps 
at  a scale  of  1:250,000  (Cass  1959,  Patton  1966,  Patton  and  Miller  1966, 
Webber  and  P6we  1970 ) and  the  1:1.5  million  scale  S-urficial  Geology  of 
Alaska  map  (Karlstrom  et  al  1964)  . From  these  comparison,  it  was 
established  that  the  surficial  geology  map  made  from  ERTS-1  imagery 
correlated  favorably  with  the  published  1:250,000  maps  and  is  superior 
to  the  1:1.5  million  map. 
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3.  Uncontrolled  photo  mosaic  of  153,000  km^  area  in  north-central  Alaska. 
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Figiare  4,  Surficial  geology  map  of  north-central  Alaska. 
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Vegetation 


Vegetation  is  one  of  the  most  important  indicators  of  the  permafrost 
characteristics  of  an  area,  but  the  relationship  is  complex  (Hopkins  et 
al.  1955)-  Vegetation  primarily  influences  permafrost  terrain  by 
affecting  the  atmosphere-lithosphere,  thermal  exchange  and  the  moisture 
regime  in  the  soil  (Trytikov  1959 )•  Vegetation  retards  soil  ’wrarming  in 
the  summer  and  cooling  in  the  winter,  but  the  depth  of  the  active  layer 
also  depends  on  other  variables,  such  as  the  depth  of  winter  snow  and 
drainage  conditions  during  summer.  Vegetation  type  and  density  in  a 
permafrost  region  are  most  directly  related  to  soil  type  and  drainage 
conditions.  The  value  of  a map  of  vegetation  patterns  lies  in  its 
relationship  to  the  depth  of  seasonal  thaw.  The  vegetation  association  - 
depth  of  thaw  relationship  where  permafrost  is  present  in  the  discon- 
tinuous permafrost  zone  is  shown  in  Table  1. 


Table  1.  Relationship  between  vegetation  association  and  depth 
of  thaw  (Hopkins  et  al.  1955). 

Vegetation  . Depth  of  thaw  (m) 

Tall  willows  on  floodplain  2,h 

Mixed  alder,  willow,  white  birch  1.2 

Mixed  stands  of  white  spruce  and  white  birch  0.6  - 0.9 

Black  spruce  in  tundra  or  muskeg  0.3 


Vegetation  differences  are  apparent  on  the  MSS  imagery  primarily 
through  tonal  rather  than  textural  patterns.  The  tonal  differences  are 
related  to  vegetation  density  and  species  composition.  Eight  density 
levels  have  been  identified  and  mapped  (Fig,  5)-  Ground  truth  was 
obtained  from  existing  mapping  by  Spetziaan  (1963)  and  from  oblique 
photography  from  a small  aircraft  by  the  investigators.  Tall  to  moder- 
ately tall,  closely  spaced  spruce-hardwood  forest  (Fc)  consist  of  white 
and  black  spruce  with  paper  birch,  aspen,  and  balsam  poplar  on  moder- 
ately to  well-drained  sites  such  as  active  floodplains,  mountain  slopes 
(especially  southern  slopes)  and  highland  areas.  The  second  plant 
association  (Fou)  has  basically  the  same  species  as  the  closely  spaced 
spruce-hardwood  forest  (Fe)  except  the  vegetative  cover  appears  less 
dense.  Also  the  Fou  unit  has  an  ecological  setting  similar  to  Fc  but  it 
extends  to  somewhat  less  favorable  habitats.  Open  black  spruce  forest 
(Fo)  has  stunted,  open  tree  growth  which  includes  tamarack,  white  birch 
and  white  spruce  in  addition  to  the  dominant  black  spruce.  Thick  moss. 
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grasses  and  heath  comprise  the  ground  cover.  Open  hlack  and  white 
spruce  forest  (Fod)  is  confined  to  several  isolated  areas  where  the 
forest  has  overgrown  and  stabilized  sand  dunes.  This  forest  tends  to  be 
open,  but  is  better  drained  and  not  as  stunted  as  within  the  Fo  class. 
Moist  tundra  (Tm)  occupies  vast  areas  of  poorly  to  moderately  drained 
topography.  It  eontains  some  stunted  black  spruce  within  the  southern 
two  thirds  of  the  study  area.  Cottongrass  tussocks  are  the  dominant 
vegetation  form,  with  sedges  and  dwarf  shrubs  where  tussocks  are  absent. 
Wet  tundra  (Tw)  consists  of  sedge  and  cottongrass  with  few  woody  plants. 
This  association  is  distinguished  from  Tm  by  the  presence  of  many  thaw 
lakes  and  wet  areas.  Shrub  thickets  (St)  are  dense  thickets  of  alders, 
willows,  blueberries  and  other  woody,  berry  shrubs  found  in  coastal 
areas  and  floodplains  north  of  the  timberline.  Extensive  areas  of  this 
association  in  the  northern  foothills  are  indicated  on  existing  vegeta- 
tion maps.  However,  a distinctive  pattern  is  not  visible  in  the  ERTS 
mosaic  because  of  an  extensive  snow  cover  existing  at  the  time  this 
imagery  was  acquired.  Alpine  tundra  (Ta)  is  primarily  barren,  but 
locally  dominated  by  low  heath  shrubs,  prostrate  willows  and  dwarf 
herbs.  This  association  is  generally  found  at  elevations  over  600  m. 


Permafrost 


Permafrost  is  formally  defined  solely  on  a temperature  basis.  It  is 
rock  or  soil  material,  with  or  without  moisture  or  organic  matter,  that 
has  remained  continuously  below  0°C  for  two  or  more  years  (Ferrians 
1969)*  It  occurs  where  the  depth  of  winter  freeze  exceeds  the  depth  of 
summer  thaw,  and  is  classified  into  two  broad  categories;  continuous 
and  discontinuous.  In  the  continuous  permafrost  zone  (Fig.  6),  peirma- 
frost  lies  beneath  all  land  areas,  but  it  is  absent  directly  beneath 
large  water  bodies,  which  provide  a sufficient  heat  reservoir  to  keep 
underlying  materials  unfrozen  (Williams  1970).  The  thickness  of  perma- 
frost in  this  zone  ranges  from  several  hundred  feet  in  the  south  to  an 
extreme  of  more  than  600  m.  in  northern  Alaska.  The  boundary  that 
separates  these  two  zones  is  theoretically  distinct  but  imperfectly 
located.  Climatically,  it  approximates  the  mean  southern  position  of 
arctic  air  in  summer  (Bryson  I966),  it  is  close  to  the  southern  limit  of 
the  tundra  (MacKay  1972)  and  is  the  effective  limit  of  active  ice-wedges 
and  pingos  (P4w4  I966) . The  discontinuous  permafrost  zone  is  a complex 
mosaic  of  frozen  and  unfrozen  ground  with  permafrost  thickness  decrease 
ing  in  a southerly  direction. 

Permafrost  is  a major  envir omental  factor  in  Alaska  and  other  high 
latitude  regions.  The  existence  of  permafrost  is  the  result  of  complex 
interactions  among  environmental  factors  such  as  local  microclimate, 
plant  cover,  the  ins^llating  qualities  of  the  organic  and  vegetative 
layers,  textxire  and  moistxare  content  of  the  soil,  surficial  geology  and 
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Figure  6,  Geographic  distrihution  of  penaafrost;  stipled  area  is 
continuous  permafrost  zone:  lined  area  is  discontinuous 

permafrost  zone  (from  Ferrians,  1969)* 
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topographic  position.  Figures  7 and  8 illustrate  typical  permafrost 
settings  and  the  nomenclature  in  current  use. 

In  central  Alaska  the  dlstrihution  of  permafrost  is  discontinuous 
because  the  present  climate  in  this  area  is  near  the  threshold  values 
for  the  continued  existence  of  permafrost.  Only  in  well-protected 
locations  such  as  north  facing  slopes,  shaded  valley  hottoms,  or  high 
elevations  within  the  region  does  permafrost  exist.  Minor  changes  in 
the  thermal  regime,  whether  natural  or  man-induced,  can  produce  major 
alterations  in  permafrost  landscapes. 

Existing  maps  of  permafrost  distribution  are  general,  primarily  because 
of  the  lack  of  extensive,  detailed  data  (Ferrians  I969).  The  delinea- 
tion of  the  boundaries  supporting  permafrost  mapping  units  by  conven- 
tional aerial  photography  has  been  found  to  be  difficult,  requiring 
extensive  ground  studies  to  confirm.  There  is  no  precedent  study  in 
Which  permafrost  terrain  has  been  classified  utilizing  imagery  of  the 
scale  and  resolution  available  with  ERTS.  Consequently,  it  could  not  be 
known  in  advance  the  extent  to  which  the  more  subtle  tonal  and  textural 
changes  on  the  MSS  images  might  show  large  scale  patterns  not  discern- 
ible in  aerial  imagery  and  useful  in  differentiating  among  the  various 
types  of  permafrost  terrain.  The  ERTS-1  MSS  imagery  exceeded  expecta- 
tion in  this  respect.  Large  scale  patterns  easily  identifiable  on  the 
imagery  include  thermokarst  topography,  icings  (naleds,  aufeis),  beaded 
drainage,  and  permanent  ice  fields.  Smaller  featxires,  such  as  pingos/ 
paisas,  ice  wedge  polygons,  solifluction  lobes,  nivation  terraces,  and 
stone  polygons  and  stripes  could  not  be  identified  at  the  resolution 
afforded  by  the  multispectral  scanner  system. 

As  shown  in  Figure  9>  fo*ur  permafrost  terrains  have  been  mapped  based  on 
the  interpretation  of  surficial  geology  and  the  probable  depth  of  thaw 
inferred  from  the  vegetative  association.  Other  mapping  criteria, 
temperature  and  permafrost  properties,  are  not  observable  on  the  ERTS 
imagery  and  were  not  used  in  the  permafrost  terrain  mapping.  The 
bedrock  (m)  terrain  is  characterized  by  a thaw  depth  of  0.3  --  1.0  m 
except  on  south- facing  slopes  where  thaw  depths  may  exceed  2 m and  a few 
scattered  taliks.  Soils  are  coarse-text\rred  and  shallow.  Alpine  vegeta- 
tion occurs  on  the  highest,  steepest  area  with  black  spruce  and  paper 
birch  on  the  north-facing  slopes.  The  principal  trees  on  south-facing 
slopes  are  white  spruce,  paper  birch,  quaking  aspen  and  alder.  The 
alluvium-colluvium  (u)  permafrost  terrain  has  a thaw  depth  of  <0.5  m in 
areas  of  poor  drainage  and  0.5  - 2.0  m and  numerous  taliks  on  moderately 
to  well-drained  slopes.  Fine-grained,  shallow  soils  occur  on  steep 
slopes  and  medium-  to  fine-grained , deep  soil  on  gentle  slopes . Alpine 
vegetation  occurs  on  siunmit  positions  and  black  spruce  and  paper  birch 
on  north- facing  slopes.  White  spruce,  quaking  aspen  and  alders  are 
found  on  the  south- facing  slopes.  Moist  tundra  occurs  on  poorly  drained 
footslope  positions.  The  active  floodplain  (l^)  terrain  is  characterized 


1590 


1591 


Figure  7 The  effect  of  surface  features  on  the  distribution  of  permafrost  in  the  continuous  permafrost  zone 

(after  Lachenbruch,  1968,  p.  837), 
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Fig'ore  8,  Occurrence  of  taliks  in  relation  to  the  active  layer,  supra- 

permafrost  zone,  permafrost  tahle,  and  permafrost  (from  Ferrians 
et  al,  1969). 
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Figure  9*  Permafrost  terrain  map  of  north-central  Alaska, 
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by  ni3jnerous  taliks,  a thaw  depth  of  more  than  2.0  m,  and  fine-grained , 
deep  soils*  Balsam  poplar,  paper  birch  and  white  and  black  spruce 
dominate.  The  fourth  permafrost  terrain  unit,  abandoned  floodplain  and 
terrace  (^2^^  characterized  also  by  numerous  taliks  but  contains  many 
small  thaw  lakes.  Soils  are  fine-grained  and  shallow  with  permafrost 
occurring  at  depths  usually  less  than  0,5  in.  Vegetation  includes  moss, 
lichens,  low  lying  shrubs  and  black  spruce.  Using  these  criteria,  a 
permafrost  terrain  distribution  map  was  prepared  with  considerably 
greater  detail  than  that  previously  available.  It  is  quite  feasible  by 
extending  these  techniques,  to  rapidly  produce  improved  more  detailed 
permafrost  maps  than  those  presently  in  existence. 


ICINGS 

Icings  (naleds,  aufeis)  are  masses  of  sixrface  ice  characteristic  of 
permafrost  terrain  formed  during  the  winter  by  continual  or  successive 
freezing  of  ground  water  that  finds  its  way  to  the  surface  in  rivers  or 
springs  (Muller  I9UT).  Bepetetive  overflows  become  layers  of  stratified 
ice,  often  creating  very  large  masses.  During  the  late  stages  of  forma- 
tion the  ice  mass  often  extends  considerably  beyond  the  boundaries  of 
the  normal  stream  channel.  In  such  cases,  icings  can  become  hazardous. 
Icings  may  spread  over  or  encroach  upon  roads,  for  example.  Also  ice 
blocked  drainageways  may  lead  to  washout  of  embankments  during  spring 
thaw  (Carey  19T3)*  Icings  tend  to  occur  at  the  same  locations  from  year 
to  year,  although  the  amount  of  icing  development  varies  considerably. 
The  ability  to  sxirvey  and  monitor  the  occurrence  of  icings  by  satellite 
imagery  in  uninhabited  areas  will  provide  valuable  information  for  final 
selection  of  the  Alaska  pipeline  route. 

The  principal  environmental  factors  influencing  icing  development 
include  precipitation  prior  to  freeze  up  which  influences  streamflow 
during  the  winter,  the  depth  of  snow  during  the  winter  which  influences 
the  depth  of  frost  penetration  in  the  ground,  and  temperature  regimes 
during  late  winter  and  early  spring  when  icing  formation  usually  occurs. 
The  effectiveness  of  ERTS  imagery  in  defining  seasonal  changes  in  the 
ice  cover  of  water  bodies  was  quickly  demonstrated.  Large  river  icings 
were  not  observed  in  the  interior  of  Alaska  d-uring  the  1972-1973  season, 
but  on  the  North  Slope  of  the  Brooks  Range,  many  icings  were  located, 
identified  and  monitored  through  two  or  more  satellite  passes.  During 
the  formation  in  late  winter  and  spring,  water  overflowing  ice  surfaces 
appears  as  a very  dark  tone  against  the  white  snow  background  on  MSS 
band  7 imagery.  Later,  after  the  snow  cover  has  disappeared,  icings 
appear  white  in  all  bands  and  contrast  sharply  with  the  surrounding 
landscape.  A number  of  icings  were  observed  along  the  proposed  Alaskan 
pipeline  route  from  Prudhoe  Bay  to  the  Brooks  Range  (Fig.  lO) . Along 
the  Echooka  River,  a tributary  of  the  Sagavanirktok  River,  an  icing  some 
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Figiffe  10.  Proposed  pipeline  route  in  relation  to  known  icings 
(ERTS  MSS  band  7 image,  1251-21123). 


l6  feet  in  thickness  is  visible  on  the  ERTS  MSS  band  T image  (ID  1251- 
21123 )•  Other  icings  are  identified  on  the  Kaparuk  (l),  Toolik  (2), 
Sagavanirktok  (3),  Ivishak  (4),  Echooka  (5)  and  Shaviovik  (6)  Rivers 
(Fig.  10 ).  Many  of  these  are  seen  to  persist  throughout  the  year.  A 
knowledge  of  their  location  and  seasonal  dynamics  is  useful  in  planning 
routes  and  scheduling  construction  activity  on  the  Alaskan  North  Slope 
and  the  Arctic  Coastal  Plain. 


SEA  ICE/SHORE  FAST  ICE 

Development  of  the  North  Slope  oil  reserves  together  with  offshore 
docking  facilities  and  northern  sea  transportation  routes  has  generated 
a need  for  a rapid  method  of  assessing  sea  ice  deformation  and  drift. 
Measurements  of  this  type  are  needed  in  the  formulation  of  realistic 
prediction  models.  Three  particular  types  of  data  are  especially  in 
demand;  l)  data  on  ice  deformation  across  the  shear  zone  region  where 
the  moving  pack  impacts  and  grinds  against  stationary  shore  fast  ice, 

2)  the  formation,  distribution  and  persistence  of  the  shore-fast  ice, 
and  3)  sequential  deformation  measurements  on  a variety  of  spatial 
scales  at  representative  locations  to  determine  the  regional  character- 
istics of  the  ice  velocity  field. 

Prior  to  ERTS-1,  satellite  sensors  did  not  have  sufficiently  high 
resolution  for  measurements  of  ice  deformation,  thus  investigations 
utilizing  meteorological  satellite  data  have  been  primarily  qualitative. 
Even  with  this  limitation,  however,  it  has  been  possible  to  detect 
gross  ice  boundaries,  calculate  albedo  maps  on  synoptic  scale,  and 
improve  our  knowledge  of  the  heat  balance  of  the  Arctic  Ocean  (¥endler 
19T3). 

ERTS-1  provides,  for  the  first  time,  regional  scale  multispectral 
imagery  with  sufficiently  high  resolution  to  perform  detailed  ice 
studies.  Preliminary  analysis  has  shown  that  the  various  ice  types  and 
features,  fast  ice,  pack  ice  of  various  concentrations,  brash  ice, 
rotten  ice,  leads,  fractures,  puddled  areas,  and  flooded  ice,  can  be 
identified  (Barnes  et  al.  1973)  and  first  year  floes  may  be  differen- 
tiated from  multiyear  floes  (Campbell  et  al.  1973). 

In  an  analysis  using  high  resolution  multispectral  ERTS-1  imagery  of  a 
portion  of  the  Beaufort  Sea,  it  has  been  possible  to  determine  sequen- 
tial positions  on  the  ice  pack.  The  data  collected  for  analysis  repre- 
sent a four-day  deformation  sequence  across  the  shear  zone  northeast  of 
Point  Barrow,  Alaska  (Fig.  11a  and  b),  and  the  results  have  relevance  to 
the  boundary  conditions  used  for  drift  calculations.  Analysis  suggests 
that  the  pack  is  behaving  as  a relatively  cohesive  mass  (i.e.  highly 
viscous)  with  slippage  over  a narrow  region  {^^0  km)  at  the  boundaries. 
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b.  Deformation  and  drift  strain  of  nested  strain  arrays  on  March  73  scene. 


Figure  1 1.  (Continued) 
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This  indicates  that  the  assumption  of  no  slip  at  the  houndary  coupled 
with  a single  viscosity  model  is  prohahly  not  tenable  for  the  arctic  ice 
pack  (Crowder,  et  al,  1973). 

This  study,  recognizing  certain  limitations,  illustrates  how  satellite 
imagery  may  he  used  to  assess  regional  deformation  and  drift  of  arctic 
pack  ice.  The  most  serious  limitation  is  the  difficulty  of  obtaining 
sequential,  cloud-free  imagery  coincident  with  the  occurrence  of  signi- 
ficant deformation. 

The  distribution  of  shorefast  ice  along  the  Alaskan  coast  from  Point 
Barrow  to  Gap  Krusenstern  as  shown  in  imagery  acquired  during  March  1973 
is  shown  in  Figure  12.  Compilation  and  analysis  has  made  clear  that  the 
formation  and  persistence  of  shorefast  ice  is  easily  monitored  with  ERTS 
sequential  imagery.  If  compiled  in  an  atlas  of  shorefast  ice  distribution 
as  a function  of  season,  such  data  could  be  valuable  in  Riding  the 
planning  and  construction  of  navigational  and  shore  facilities. 


APPLICATIONS  ACHIEVED 

The  application  of  satellite  imagery  in  describing  and  interpreting 
aspects  of  arctic  and  subarctic  environments  for  proper  utilization  and 
management  of  earth  reso-urces  was  addressed  in  this  investigation.  ERTS 
imagery  has  been  used  to  improve  thematic  mapping  of  estuarine  processes, 
vegetation  and  geomorphic  and  geologic  features.  Major  estuarine, 
circiilation  patterns,  water  masses,  areas  of  sediment  deposition  and  the 
distribution  of  tidal  flats  were  identified  and  mapped  in  Cook  Inlgt. 

The  distribution  of  permafrost  terrain  was  mapped  for  a 153,400  km 
area  in  north  central  Alaska.  The  methods  employed  were  similar  to 
those  of  previous  work  but  the  regional  scale  map  produced  had  consider- 
ably greater  detail.  As  a part  of  the  permafrost  mapping,  more  detailed 
surficial  geology  and  vegetation  maps  were  also  made.  These  results 
will  be  directly  applicable  to  route  and  site  selection,  particularly 
for  the  Nome  to  Kobuk  Road  in  western  Alaska,  Permafrost  mapping  will 
also  be  useful  in  regional  environmental  interpretation  and  ;orban  and 
land  use  planning,  regulation  and  management  in  developing  areas  of 
Alaska,  The  location  and  monitoring  of  large  river  icings  in  northern 
Alaska  was  also  accomplished  and  related  to  problems  of  route  selection 
and  regional  planning. 

The  anticipated  need  for  information  on  ice  patterns  and  movements  for 
purposes  of  navigation  and  construction  of  offshore  facilities  led  to 
an  analysis  of  sea  and  shorefast  ice  in  the  Arctic  Ocean.  The  synoptic, 
regional  perspective  of  ERTS  imagery  is  well  suited  to  the  measiirement 
of  sea  ice  deformation.  A spatial  deformation  analysis  was  done  for  a 
four  day  period  in  March  1973  which  represents  the  first  successful 
application  of  satellite  imagery  for  this  purpose.  Shorefast  ice  accumu- 
lation and  breakup  along  the  western  coast  of  Alaska  was  also  mapped. 
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Figure  12.  Shore  fast  ice  from  Point  Barrow  to  Cape  Krusenstem  (March  imagery). 


The  direct  applications  of  ERTS  imagery  to  an  operational  requirement  of 
the  Corps  of  Engineers  *was  achieved  in  a concurrent  investigation.  The 
Corps  of  Engineers  was  required  to  institute  a program  for  the  inspection 
and  inventory  of  dams  throughout  the  United  States  as  a result  of  public 
law  92-367 9 passed  on  9 August  1972.  In  response  to  a request  by  the 
Office  of  the  Chief  of  Engineers,  members  of  this  ERTS  investigation 
team  compiled  and  published  a manual  on  ”The  Use  of  ERTS-1  Imagery  in 
the  National  Program  for  the  Inspection  of  Bains"  (McKim,  et  al.  1972). 
This  manual  described  a photointerpretation  technique  for  identifying 
and  inventorying  water  bodies  six  acres  or  larger  with  ERTS-1  imagery. 

The  approach  presented  was  clearly  shown  to  be  the  most  practical  and 
economical  method  of  accomplishing  the  requirements  of  the  National 
Program  for  Inspection  of  Bams. 


POTENTIAL  APPLICATIONS 

A number  of  potential  applications  of  ERTS-1  imagery  in  a wide  variety 
of  earth  resources  studies  have  been  recognized.  These  potential  uses 
are  directly  applicable  to  the  requirements  of  the  Congressional  Acts 
which  form  the  basis  for  the  principal  civil  works  mission  responsibi- 
lities of  the  Corps  of  Engineers.  These  Acts,  listed  according  to 
subject  area,  are  as  follows: 

1 . Recreation 

Federal  Water  Project  Recreation  Act,  I965 
Land  and  Water  Conservation  Act,  I965 
Outdoor  Recreation  Act,  1963 

2.  Environmental  Impacts 

National  Environmental  Policy  Act,  1969 

3.  National  Program  for  Inspection  of  Bams,  1972 

4.  Urban  and  Land  Use  Planning 

Forest  Conservation  Act , 196O 
Corps  Urban  Study  Mission 

5 . Flood  Plain/Inventory  Mapping 

Flood  Plain  Control  Act,  I936-1960 

6.  Shore  Line  and  Beach  Erosion 

River  and  Harbor  Act,  1962  and  I968 
Coastal  Zone  Management  Act,  1972 
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T.  Water  Quality 


Fish  and  Wildlife  Coordination  Act , 

I9U6-I958 

Federal  Water  Pollution  Control  Act, 

19^^1972 

Water  Supply  Act,  1958 

Specific  examples  of  ERTS  investigations  that  contribute  to  work  pre- 
sently heing  performed  under  one  or  more  of  these  Acts  include:  snow 

and  ice  surveys  relating  snowmelt  to  stream  runoff  and  delineation  of 
areas  where  ice  creates  engineering  problem  and  hazards;  floodplain 
mapping  which  will  provide  pertinent  information  in  urban  planning; 
monitoring  aquatic  pollution  and  relating  the  measured  parameter  to  land 
use  practices;  preparation  of  microzonation  maps  for  seismic  risk 
evaluations  used  in  planning  and  guiding  construction  activities;  com- 
piling baseline  data  for  maritime  projects  and  coastal  zone  management 
programs;  and  in  the  interpretation  of  coastal  processes.  The  results 
obtained  from  these  remote  sensing  investigations  can  be  used  in  conjunc- 
tion with  information  acquired  by  conventional  means  in  developing 
improved  data  collection  procedures. 


SUMMARY  AM)  RECOMMENDATIONS 

The  ERTS-1  mission  provides  for  the  first  time  a means  of  analyzing 
terrestrial  and  marine  phenomena  on  a regional  basis.  Previously  these 
analyses  were  not  feasible  because  of  expense  or  lack  of  suitable  data. 
Improved  synoptic  mapping  of  estuarine,  surface  circulation  patterns, 
suspended  sediment  distribution  and  water  mass  boundaries  has  been 
accomplished  in  Cook  Inlet.  Also  more  detailed  surficial  geology  and 
ve|etation  maps  were  prepared  at  a scale  of  1; 1,000, 000  for  a 153,400 
km  area  of  north-central  Alaska.  Based  on  the  interpretation  of  sur- 
ficial geology  and  the  probable  depth  of  thaw  inferred  from  vegetation 
associations,  a permafrost  terrain  map  of  the  same  area  was  prepared 
with  considerably  greater  detail  than  previously  available  maps.  Several 
large  river  icings  were  monitored  along  the  proposed  Alaskan  pipeline 
route  from  Prudhoe  Bay  to  the  Brooks  Range.  Sea  ice  deformation  and 
drift  northeast  of  Point  Barrow  were  measured  during  a four  day  period 
in  March.  Shorefast  ice  accumulation  and  ablation  along  the  west  coast 
of  Alaska  was  mapped  for  the  spring  and  early  summer  seasons.  In  addition 
applications  have  been  developed  in  all  phases  of  this  investigation  and 
potential  uses  proposed. 

Based  on  the  experience  of  this  investigative  team,  it  is  considered 
appropriate  to  make  some  general  recommendations  on  future  NASA  satel- 
lite applications  programs.  First,  ERTS-1  should  be  fully  utilized  as 
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long  as  it  is  operational.  Consideration  should  he  given  to  delaying 
the  ERTS-2  mission  until  its  sensor  package  can  he  significantly  im- 
gproved  or  augmented.  Second,  there  is  a need  to  emphasize  and  improve 
provisions  for  technology  transfer  vithin  user  organizations.  Greater 
awareness  and  participation  from  the  operational  personnel  of  user 
agencies  is  needed.  This  is  a responsihility  of  the  user  agencies  hut 
MSA  should  take  the  lead  in  stimulating  a greater  awareness  of  this 
requirement.  Third,  a provision  for  direct  downlink  for  users  of  DCP's 
would  enhance  the  utility  of  this  system  for  many  present  and  potential 
users  hy  streamlining  the  data  handling  system.  Finally,  the  logical 
culmination  of  the  SETS  program  would  he  the  establishment  of  geosta- 
tionary, operational  satellites,  as  has  been  proposed  in  the  GOES 
program.  The  geostationary  satellites  should  include,  among  other 
sensors,  high  resolution  MSS  sensors,  directahle  zoom  capability  for 
coverage  of  localized  phenomena,  and  a direct  downlink  for  a data 
collection  system. 
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Paper  E 8 


AN  INTERDISCIPLINARY  STUDY  OF  THE  ESTAURINE  AND  COASTAL 
OCEANOGRAPHY  OF  BLOCK  ISLAND  SOUND  AND  ADJACENT  NEW  YORK 
COASTAL  WATERS 

Edward  Yost,  Long  Island  University;  R.  Hollman,  J.  Alexander  and  R.  Nuzzi,  New  York  Ocean 
Science  Labora  tory 


ABSTOACT 

ERTS-1  photographic  data  prodtcte  have  been  analyzed  using 
additive  color  viewing  and  electrmic  image  analysis  techniques. 
Satellite  data  were  conpared  to  water  sanple  data  collected 
simultaneously  with  the  data  of  HiTS-l  coverage  in  New  York  Bight. 
Prediction  of  the  absolute  value  of  total  suspended  particles  can 
be  made  using  composites  of  positives  of  MSS  bands  5 and  6 which 
have  been  precisely  made  using  the  step  wedge  supplied  on  the 
imagery.  Predictions  of  the  relative  value  of  the  extinction  co- 
efficient (-1)  can  be  made  using  bands  4 and  5.  Thematic  charts 
of  total  suspended  particles  (particles  per  litre)  and  extinction 
coefficient  (-Ic)  provide  scientists  conducting  state  and  federal 
water  sampling  programs  in  New  York  Bight  with  data  vhich  improves 
the  performance  of  these  programs. 


INTRODUCTION 

A program  was  conducted  to  locate  and  identify  New  York  coastal  water 
masses  using  EKTS-1  imagery  in  conjimction  with  ship  sampling.  One  of  the 
prime  objectives  of  this  research  project  was  to  develop  techniques  for 
analyzing  ERTS  satellite  photographic  data  products  which  would  provide 
quantitative  surface  ^ter  data  of  use  to  oceanographers.  The  real  use- 
xulness  of  SlTS  for  oceanography  depends  on  the  quantitative  data  vdiich 
can  be  extracted  frcmi  the  image  data  provided  by  the  satellite. 

The  dynamics  of  the  Block  Island  Sounl  and  New  York  Bight  coastal 
waters  were  the  focus  of  interest.  On-going  state  and  federal  programs 
are  being  conducted  in  these  areas  using  conventional  ship  sampling  tech- 
niques. The  use  of  ERTS  data  in  these  programs  has  three  important 
contributions: 

1.  Revising  the  locations  of  ship  sampling  stations  and 
timing  of  the  collection  of  such  data. 

2.  The  extension  of  sample  data  over  the  entire  water  area 
between  and  beyond  the  sampling  stations. 

3.  Repetitive  acquisition  of  data  in  the  absence  of  ship 
sampling. 
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The  New  York  Bight  results  are  reported  herein.  TVio  predominant 
features  dcmdnate  this  coastal  vrater  area,  the  effluent  from  the  Hudson 
River  and  the  sludge  dunging  dispersion  patterns.  The  concepts  of  flow 
and  mixing  patterns  in  the  Bight  are  being  revised  in  light  of  the  ERTS-1 
data.  The  dmtping  of  treated  sevrage  material  in  the  Bight  is  a source 
of  controversy  as  to  the  extent  of  its  impact  on  the  biota.  Satellite 
imagery  offers  a convenient  and  unique  method  of  monitoring  such 
dispersion. 

SHIP  SAMPLING  PROGRAM 

Twenty- seven  cruises  were  conducted  in  the  New  York  Bight,  Block 
Island  Sound  and  in  Peconic  Bay  during  the  fall  of  1972  and  spring-summer 
of  1973.  Each  cruise  consisted  of  from  one  to  twenty  ships.  The  locations 
^ of  the  sampling  stations  are  shown  in  Figure  1. 
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Figure  1.  Ship  sanplii^  stations  in  New  York  coastal  vraters. 

Typically,  each  of  the  transects  was  occupied  for  a conplete  tidal  _ 
cycle  being  sanpled  from  four  to  six  times  . Ssurples  were  obtained  at  six 
depths  in  5 litre  Niskin  bottles  for  chemical  and  biological  analysis. 
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Physical  parameters  of  salinity,  tenqwrature,  and  extinction  were  measured 
at  each  station. 

Four  critical  surface  paran«ters  were  selected  for  correlation  with 
the  ERTS-1  imagery: 

— Average  extinction  coefficient  (-1^ 

— Total  suspended  particles  (particles/litre) 

— Total  cell  counts  (particles/1 itre) 

— Chlorophyll  a (mg/litre) 

These  data  along  with  tenperature  (®C)  and  salinity  (0/00)  were  collected 
during  the  satellite  day  for  subsetpient  correlation  with  the  ERTS-1  imagery. 
Since  each  sairpling  station  could  not  be  occupied  at  the  exact  instant  of 
the  satellite  overpass , the  data  were  adjusted  to  the  tidal  cycle  which 
existed  at  the  time  of  the  ERTS-1  satellite  pass. 

IMAGE  ANALYSIS  PROGEEURES. 

The  approach  used  for  analysis  of  the  ERTS-1  imagery  with  respect  to 
water  characteristics  was; 

1.  Use  water  sample  data  to  develop  image  analysis  procedure 
for  each  pair  of  image- water  saiiple  data, 

2.  Use  the  techniques  thus  developed  on  a second  ERTS-1  date 
and  conpare  the  results  with  the  water  sample  data  with 
this  second  date. 

Positive  images  were  made  from  the  ERTS-1  31  May  1973  negatives  to 
bring  out  maximum  water  detail  (Yost  et  al,  1972) , These  positives  were 
placed  in  a Spectral  Data  Model  64  additive  color  viewer.  Three  brightness 
readings  were  made  of  the  image  of  each  san^ling  station  using  a Photo 
Science  Spot  Brightness  meter.  The  black-and-vhite  image  brightness  of 
MSS  bands  4,  5,  6,  and  7 was  thus  obtained  and  a regression  analysis  per- 
formed with  respect  to;  average  extinction  coefficient,  total  suspended 
particles,  total  cell  counts , and  chlorophyll  a. 

On  the  basis  of  this  analysis,  con^site  bands  were  selected  for 
subseqirent  analysis.  In  the  New  York  Bight,  combined  positive  images  of 
MSS  bands  4 and  5 were  found  to  be  best  for  the  measurement  of  extinction 
coefficient  and  positive  images  of  bands  5 and  6 best  for  the  measurement 
of  total  suspended  particles. 

Semi-automatic  classification  of  water  characteristics  was  achieved 
by  interface  of  a Spectral  Data  Model  703  density  slicer  with  the  Spectral 
Data  Model  64  viewer.  The  composite  screen  image  was  "sliced"  and  the 
video  display  used  to  construct  a chart  of  the  water  characteristics  being 
analyzed.  Figure  2 shows  the  arrangement  of  the  Instrunentation  used  for 
analysis  of  the  ERTS  imagery. 
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Figure  2.  Spectral  Data  additive  color  viewer  and  Spectral 
Data  density  slicer  used  together  to  analyze  ERTS  imagery. 


TOTAL  SUSPENDED  PARTICLES 


ERTS-1  imagery  acquired  OArer  New  York  Bight  on  31  May  1973  was  analyzed, 
A portion  of  this  image  is  shown  in  Figure  3. 


The  brightness!  of  the  projected  reprocessed  ^sitive  image  was 
nreasured  at  each  of  the  nine  New  York  Bight  sampling  stations  on  each 
of  the  fcnir  individual  MSS  bands.  Table  1 sIkiws  the  image  brighti»ss 
and  associated  water  data. 
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Table  1 

New  York  Bight  - 31  May  1973 

ERTS-1  Image  Brightness  and  Water  Sample  Data  at  Nine  Stations 

The  relation  of  screen  brightness  in  each  band  and  total  suspended 
particles  was  plotted  and  a linear  regression  line  plotted  for  each.  These 
relationships  are  shown  in  Figure  4. 


Single  band  images  show  little  relationship  between  total  particles 
and  image  brightness,  althot^h  band  5 is  the  best  of  the  four  bands. 
Ikjwever,  when  positive  images  of  bands  5 and  6 are  combined,  a significant 
relationship  between  image  brightness  and  total  particles  is  achieved  as 
shown  in  Figure  5. 

A comparison  of  the  regression  lines  for  the  ii^ividual  ERTS-1  MSS 
bands  and  the  conposite  MSS  bands  5 and  6 for  31  MSy  1973  is  shown  below: 


Band  Wavelength 


Regression  Line  Correlation  Cg^fficient 


4 .5  - .6y 

5 .6  - .7p 

6 .7  - .By 

7 .8  -l.ly 
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y » .67  + .13x 
y » 4.04  + .OSx 
y = 7.40  + .02x 


.01 
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5 6 6 .6  - .8y 


y “ 4.45  + .18x 
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Figure  4 , 31  1973  - New  York  Bi 

total  particles  and  brightness  of  fc 


Figure  5,  25  Jan,  1973  and  31  May  ! 
relationship  of  total  particles  and 
of  ERTS-l  MSS  bands  5 and  6. 


In  confuting  the  above  regression  lines,  y (the  dependent  variable) 
is  image  brightness  and  x (the  independent  variable)  is  total  siKpended 
particles  (particles  per  litre  xlO®), 

The  validity  of  using  an  additive  color  cont>ination  of  reprocessed 
positive  images  of  ERTS  bands  5 and  6 for  obtaining  quantitative  measure- 
ment of  total  suspended  particles  was  evaluated  by  usii^  the  sanre  image 
analysis  techniques  on  tdie  25  January  1973  ERTS  images  of  New  York  Bight. 
After  performing  the  analysis,  a regression  of  the  image  data  on  the  water 
sample  data  obtained  on  that  ^te  was  made.  These  results  are  shown  in 
Figure  5 above. 

By  using  more  precise  controls  on  the  reprocessing  of  the  positive 
imagery  from  the  ERTS  negatives  through  utilization  of  the  step  wedge 
calibration  provided,  a general  relationship  between  image  brightness  and 
total  particles  exists  which  can  be  used  for  quantitative  measuren»nt. 

This  relationship  is  shown  in  Figure  6. 


Total  Particles  CxlO') 


Figure  6,  25  January  1973  and  31  May  1973  - New  York  Bight.  The 

relationship  of  total  particles  with  image  brightness  of  accurately 
processed  positive  ctmiposites  of  ERTS  MSS  bands  5 and  6, 
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Figure  7 shows  the  predicted  value  of  total  particles  using  a ccsnposite 
of  ERTS  MSS  bands  5 and  6 which  have  been  carefully  i«processed  as  posi- 
tives, and  the  actual  values  measured  by  ship  sanpling. 


Figure  7,  Total  suspended  particles  predicted  by  ERTS  measure- 
ments versus  actually  measured  particles. 

It  should  be  emphasized  that  the  above  is  a prediction  of  the  absolute 
value  of  total  suspended  particles,  not  tlw  relative  value. 

EXTINCTION  COEFFICIEOT 

An  analysis  similar  to  that  discussed  above  was  performed  for  deter- 
mining the  extinction  coefficient  (-'E)  from  the  ERTS-1  imagery.  A statis- 
tical analysis  of  the  individual  bands  shcmred  that  positives  of  bands  4 
and  5 could  be  used  to  predict  relative  values  of  the  extinction  coefficient. 
Figure  8 shows  the  results  for  25  January  and  31  May  1973;  variability  in 
the  slope  of  the  regression  line  is  believed  to  be  due  to  atmospheric 
effects.  Figure  8 shows  the  step  wedge  density  versus  the  brightness  of 
the  31  May  1973  positives  used. 

The  relationship  between  screen  brightness  and  extinction  coefficient 
measured  by  ship  sampling  is  shown  in  Figure  9 on  the  following  page. 

By  using  the  density  slice  attached  to  the  additive  color  viewer, 
a visual  display  of  the  relative  extinction  coefficient  was  made.  This 
technique  is  used  for  the  analysis  of  all  ERTS  data  of  New  York  Bight 
and  Block  Island  Sound.  Figure  10  is  a black-and->hite  reproduction  of 
the  screen  image  and  Figure  11,  the  thonatic  chart  made  for  the  image. 
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Figure  10.  Electronic  density  analysis  of  extinction  co 
efficient:  ERTS-1  Bands  4 and  5,  31  May  1973  - New  York  : 


Extinction  Coefficient 

Hew  York  Binat  - 31  May  1973 

Compiled  from  ERTS-1  Bands  4 & j 


Figure  11,  Thematic  chart  of  extinction  coefficient  made  from 
ERTS-1  bands  4 and  5 of  New  York  Bight,  31  May  1973. 


TOTAL  CELL  COUNTS  AND  CHLOROPHYLL  A 

An  analysis  of  ERTS-1  imagery  and  ship  sampling  shows  that  only^ 
gross  approximations  of  total  cell  counts  and  chlorophyll  £ are  possible 
in  New  York  Bight  waters,  although  better  relationships  appear  to 
exist  in  Block  Island  Sound.  Figure  12  shows  the  typical  relationship 
of  image  brightness  and  chlorophyll  a. 


Figure  12.  31  May  1973  - New  York  Bight.  ERTS-1  Band  5 image 

brightness  versus  chloropf^ll  a, 

CONCLUSIONS 

Predictions  of  the  absolute  value  of  the  number  of  total  particles 
contained  in  New  York  Bight  can  be  made  using  ERTS-1  bands  5 and  6 which 
have  been  carefully  reprocessed  to  bring  out  maximum  water  detail. 

Predictions  of  the  relative  extinction  coefficient  of  New  York  Bight 
waters  can  be  made  using  EkTS-i  bands  4 and  5.  Atmospheric  effects  in 
band  4 apparently  cause  variability  in  image  characteristics  which  prevent 
absolute  measurements  fitan  being  attained. 

Display  of  these  bands  in  an  additive  color  viewer  provides  the 
scientist  with  a color  ccmiposite  in  which  variations  in  color  are  related 
to  total  particles  or  extinction  coefficients. 
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An  electronic  density  slicer  can  be  used  with  an  additive  color  viewer 
tx)  provide  semi-automatic  thematic  charts  of  totel  particles  or  extinction 
coefficient. 

Charts  of  these  basic  water  characteristics  derived  from  ERTS-1  should 
be  incorporated  in  any  ship  sanpling  program  to  establish  ship  sanpling 
stations , periodicity  of  sampling,  and  extend  ship  sanpling  data  on  a 
continuous  basis. 
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AIRCRAFT  AND  SATELLITE  MONITORING  OF  WATER  QUALITY  IN  LAKE 
SUPERIOR  NEAR  DULUTH 

James  P.  Selnerz,  Assooiate  Professor,  Civil  and  Environmental  Engin^ing  DeparOvent,  University  of 
Wisconsin,  Madison,  Michael  Sydor,  4ssoc/a<e  Professor  of  Physics,  University  of  Minnesota,  Duiuth, 
Minnesota,  and  John  F.  Van  Domelen,  Research  Assistant,  Institute  for  Environmental  Studies,  and  Ph.D. 
Candidate,  University  of  Wisconsin,  Madison 


ABSTRA.CT 

Satellite-  images  and  low  altitude  aerial  photographs  often  show  vivid  dis- 
colorations in  water  bodies.  These  aerial  images  are  just  pretty  pictures  un- 
less one  knows  to  which  water  quality  parameters  the  discolorations  correlate 
and  how  this  correlation  can  be  reliably  made.  Extensive  laboratory  analysis 
shows  that  water  reflectance,  which  causes  brightness  on  aerial  images,  posi- 
tively correlates  to  the  water  quality  parameter  of  turbidity,  which  on  a particu- 
lar day  correlates  to  suspended  solids.  Work  with  low  altitude  photography  on 
three  overcast  days  and  with  ERTS  images  on  five  clear  days  provides  positive 
correlation  of  image  br^htness  to  the  high  turbidity  and  solids  which  are  present 
in  Lake  Superior  near  Duluth  over  50%  of  the  time.  Proper  use  of  aerial  images 
would  have  shown  that  an  $8, 000, 000  drinking  water  intake  constructed  in  the 
midst  of  this  unpotable,  turbid  water  should  have  been  located  6 miles  north  in 
clear,  usable  water.  Noise  effects  such  as  skylight  reflection,  atmospheric 
effects,  and  depth  penetration  also  must  be  understood  for  operational  use  of 
remote  sensing  for  water  quality  monitoring  and  are  considered  in  the  paper. 


SUMMARY  AND  OVERVIEW 

Do  ERTS  images  of  water  bodies  show  important  water  quality  parameters 
or  are  they  just  pretty  pictures  ? In  the  same  tone,  (k>  conventional  aerial 
photographs  of  water  bodies  show  Important  water  quality  parameters  or  are 
they  just  pretty  pictures  ? If  such  aerial  images  do  correlate  to  Important  water 
quality  parameters,  then  which  parameters;  and  how  can  these  correlations  be 
quantitatively  and  r eliably  made  ? 

This  paper  describes  work  which  concludes  that  aerial  image  brightness 
directly  correlates  to  the  water  quality  parameter  of  turbidity  which  in  turn  is 
caused  by  suspended  solids.  The  paper  describes  reflectance  analysis  of  water 
samples  in  the  laboratory,  correlation  of  water  quality  to  low  altitude  aerial 
photos  taken  on  three  overcast  days,  and  correlation  to  ERTS  imagery  taken  on 
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five  clear  days.  ’’Noise"  factors  of  bottom  effects,  surface  reflection,  and 
atmospheric  effects  are  also  considered  in  this  paper.  Enough  is  now  under- 
stood so  that  aerial  photographs  and  satellite  images  can  be  used  as  effective 
tools  for  water  quality  work. 

An  example  of  such  potential  use  is  in  Lake  Superior  near  Duluth,  Minnesota, 
and  Siperior,  Wisconsin,  where  an  $8, 000, 000  water  intake  was  constructed  to 
obtain  drinking  water  from  Lake  Superior.  No  water  filtration  was  planned  be- 
cause of  the  clearness  of  Lake  Superior  water.  The  location  engineer  used 
traditional  locating  procedures  which  did  not  include  properly  acquiring  aerial 
photography  nor  properly  utilizing  existing  aerial  photographs  taken  from  1939 
to  1969,  on  file  in  the  city  of  Superior. 

The  intake,  when  completed,  provided  water  too  turbid  for  drinking  water 
standards  over  53%  of  the  time.  Aerial  photos  and  ERTS  images  likewise  show 
turbid  water  runoff  from  several  rivers  which  stays  in  the  area  of  the  intake 
over  50%  of  the  time.  A lawsuit  of  the  cily  which  built  the  intake  against  the 
location  engineer  provided  the  means  of  (gathering  much  of  the  data  contained  in 
this  p^er  pertaining  to  correlating  water  quality  to  low  altitude  photography. 
NASA  support  at  the  University  of  Minnesota,  Duluth,  and  at  the  University  of 
Wisconsin,  Madison,  provided  the  means  of  doing  the  laboratory  reflectance 
analysis  of  the  water  samples  and  correlating  water  quality  to  ERTS  imagery. 

The  lawsuit  was  settled  out  of  court  so  remote  sensing  evidence  was  not 
introduced  into  court  on  this  case.  It  is  clear  however,  if  in  the  future  a loca- 
ting engineer  correctly  utilizes  aerial  or  ERTS  imagery,  such  water  intakes 
should  be  located  in  clear  and  not  turbid  water.  In  such  cases,  if  aerial  imagery 
is  correctly  utilized,  taxpayers  and  the  engineer  will  be  rewarded  with  successes 
and  spared  such  multimillion  dollar  blunders. 


CORRELATION  OF  WATER  QUALITY  TO  LOW  ALTITUDE  PHOTOGRAPHY 

Figure  1 shows  an|  ERTS  image  of  the  SW  end  of  Lake  aperlor  and  the 
cities  of  Duluth,  Minnesota  and  Siperior,  Wisconsin.  In  the  fi^ire,  the  dark 
part  of  the  lake  is  the  very  clear  water  for  which  Lake  Superior  is  so  famous. 
The  li^t  colored  part  of  the  photo  is  mud(fy,  turbid  water  caused  by  storm 
ruiK}fif  from  several  rivers  along  the  south  shore  of  the  lake.  An  X marks  the 
spot  where  an  $8, 000, 000  water  intake  was  located  to  obtain  the  clear  Lake 
Superior  water.  As  can  be  seen  the  location  engineer  placed  his  intake  several 
miles  too  far  south  thereby  missing  the  clear  water.  Aerial  photos  on  file  at 
Superior  since  1939  and  ERTS  images  show  this  turbid  water  in  the  vicinity  of 
the  intake  over  50%  of  the  time  and  clear  water  a few  miles  to  the  north.  (Such 


Figure  1.  ERTS  Satellite  Image  taken  12  August  1972  showing  the  south  west 
end  of  Lake  Superior  near  Duluth.  Note  tiie  dirty  water.  An  X marks  the  spot 
where  an  $8, 000, 000  water  intake  was  located  which  when  put  into  operation 
produced  turbid  unusable  water. 


aerial  images  should  be  utilized  when  one  is  locatii^  such  water  intakes  to 
assure  that  they  are  located  in  clear  and  not  turid  water. ) 

In  order  to  ascertain  just  what  water  quality  parameters  correlate  to  the 
brightness  of  the  ERTS  image,  water  samples  were  collected  on  4 November 
1972  after  a 2-lnch  rain  storm  and  simultaneous  aerial  photos  were  taken  from 
a small  fixed  wing  aircraft  (5).  The  skys  were  completely  overcast  and  the 
flight  altitude  was  limited  to  about  1000  feet  above  the  water.  This  data  was  col- 
lected by  Professor  Scherz  and  John  Van  Domelen  in  conjunction  with  the  law- 
suit concerning  the  Intake. 


1621 


• The  water  samples  were  analyzed  for  total  solids,  volatile  solids,  suspended 
solids,  dissolved  solids,  turbidity,  and  color.  Also  U^t  was  shown  down  on 
the  top  of  the  water  samples  and  the  percent  reflectance*  and  transmittance  of 
these  samples  were  determined  at  different  wavelengths.  The  change  in  reflec- 
tance and  transmittance  was  then  compared  to  the  different  water  quality 
parameters. 

Also  the  bri^tness  of  all  colors  on  resulting  aerial  photos  were  analyzed 
with  a modification  of  the  equipment  as  was  used  to  obtain  the  reflectance  and 
transmittance  of  the  water  samples.  Figure  2 shows  a schematic  of  the  apparatus 
used  to  obtain  the  volume  reflectance  and  the  bri^tness  of  die  photos  (1,  4,  5). 

Figure  3 shows  the  resulting  volume  reflectance  curves  of  several  different 
water  samples  and  their  corresponding  values  of  turbidity  and  su^ended  solids. 
One  can  see  from  Figure  3 that  there  is  indeed  a positive  correlation  between 
volume  reflectance  and  turbidity  and  suspended  solids.  If  one  takes  the  volume 
reflectance  at  some  color  (say  red)  and  plots  that  against  turbidity  and  suspended 
solids,  a reflectance-turbidity  curve  results.  Figure  4 shows  this  curve  for 
the  water  samples  shown  in  Figure  4 along  with  manjr  other  collected  and  syn- 
thetic samples.  One  will  note  that  for  values  of  suspended  solids  and  turbidity 
found  in  the  field  on  4 November  1972,  (values  to  the  left  of  point  A in  Figure  4), 
that  there  is  indeed  a linear  relationship  betweaa  volume  reflectance  and  turbidity 
with  a slope  of  about  30°.  This  means  if  one  can  measure  the  reflectance,  the 
turbidity  can  be  obtained  by  use  of  the  curve.  For  clear  water  samples  to  the 
left  of  point  B on  Figure  4 there  is  a reversal  in  the  curve  caused  by  li^t  strik- 
ing a shiny  bottom  of  the  sample  tube  and  returning  to  the  surface  of  the  water 
sample.  This  reversal  to  the  left  of  point  B was  corrected  on  later  woric  by 
putting  in  a light-absorbii^  black  bottom  in  the  sample  tube.  The  general  shape 
of  the  curve  in  Figure  4 is  similar  to  other  cuirves  obtained  from  analyzing  paper 
mill  waste  and  lake  waters  containing  various  amounts  of  algea  (1,  4). 

When  the  brightness  of  the  photos  were  analyzed  and  plotted  against  turbidity, 
this  plot  was  also  a strai^t  line  but  considerably  higher  than  the  laboratory  data 
(Figure  4).**  The  photos  in  addition  to  showing  the  volume  reflection  also  show 


♦This  lab  reflectance  is  called  volume  reflectance.  When  dcme  ri^t,  it  contains  no  effects  of  the  bottom  of 
the  sample  tube  nor  reflection  of  overhead  U^t  from  the  air-water  interface. 

**In  the  laboratory  the  percent  reflectance  was  compared  to  a barium  sulfate  reflectance  standard.  Ftran 
the  photo  the  reflectance  of  the  water  was  compared  to  a styrafoam  panel  or  other  object  of  known  re- 
flectance located  somewhere  in  the  frame. 
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PERCENT  TRANSMITTANGE  PERCENT  REFLECTANCE 


REFLECTANCE 
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Figure  3.  Reflectance  and  Transmittaiuie  Carves  for  Water  Samples 
Collected  near  Duluth  on  4 November  1972. 
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conditions  and  lab  conditions  is  primarily  due  to  the  fact  that  shylight  reflection  and  path  luminance  is  present 
on  die  photos  but  xu>t  present  in  the  lab  analysis. 


A = Surface  Reflection  of  the  Sun 

B * Atmospheric  Scatter 

C = Surface  Reflection  of  the  Sky 

D » Volume  Reflectance  of  the  Water 

E ® Bottom  Effects 

Note:  Both  Atmospheric  Scatter,  B,  and  Surface  Reflection  of 

the  Sky,  C,  cause  the  apparent  reflectance  of  an  aerial  photo 
to  be  higher  than  the  laboratory  analysis,  which  measures  only 
volume  reflectance,  D,  It  must  be  assured  that  bottom  effects, 
E,  are  insignificant  and  that  there  is  no  sun  reflection.  A, 
in  the  area  of  the  photo  being  analyzed. 

Figure  5.  Components  of  li^t  showing  on  an  aerial  image  caused  by  various 
interactions  of  light  in,  on,  and  through  the  water. 
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TURBIDITY,  JTU'S 


Reflectance  vs.  Turbidity 

O®  Water  Samples  Collected  4 November  1972 
(2  days  after  a heavy  storm) 

Water  Samples  Collected  17  November  1972 
□ ® Water  Samples  Collected  23  November  1972 
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SECCHI  DISC  READINGS,  INCHES 


Reflectance  vs.  Secchi  Disc  Readings 

Figure  6.  Laboratory  Reflectance  versus  Turbldlly  and  Secchi  Disc  Readings 
for  all  of  the  water  samples  collected  during  the  3 days  in  November,  1972. 
The  location  is  dirty  water  in  Lake  Superior  near  Duluth  in  the  area  shown  in 
Figure  1. 
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versus  Secchi  disc  readings  is  a very  important  curve  because  if  one  obtains 
reflectance  from  an  aerial  image,  this  curve  will  indicate  how  far  into  the  water 
the  image  is  sensing  and  whether  bottom  effects  are  significant.  From  the 
curve  in  Figure  6 the  maximum  Secchi  disc  reading  is  about  3 meters.  For  the 
aerial  image  shown  in  Figure  1,  the  depth  to  bottom  in  this  area  is  from  15  to 
25  meters.  Therefore  the  li^t  areas  in  Figure  1 definitely  do  not  contain  bot- 
tom effects. 

The  turbidity  is  caused  by  light  scattering  from  suspended  solids  in  the 
water.  However,  a large  number  of  small  particles  or  a small  number  of  large 
particles  can  cause  the  same  value  of  turbidity.  Also  the  shape  of  the  particles 
have  an  effect.  The  relationship  therefore  between  turbidity  and  suspended 
solids  changed  between  4 November  to  23  November  as  the  character  of  the 
suspended  solids  changed  due  to  differential  settling.  Figure  7 shows  a plot  of 
suspended  solids  versus  turbidity  for  all  three  days.  One  will  note  that  for  any 
one  day  there  is  indeed  a good  correlation  between  turbidity  and  suspended 
solids  but  that  this  correlation  chat^es  from  day  to  day.  If  one  were  not  overly 
concerned  with  high  precision,  an  average  curve  could  be  drawn  for  the  three 
days  and  approximate  suspended  solids  values  as  well  as  turbidity  could  be  ob- 
tained from  analysis  of  aerial  photos.  If  this  is  done  the  values  of  suspended 
solids  obtained  from  turbidity  on  the  curve  would  probably  not  be  in  error  by 
more  than  about  30%  (See  Figure  7). 


For  November  4,  17,  and  23  the  reflectance-turbidity  curves  from  the 
aerial  photos  vary  considerably  apparently  due  to  different  skylight  and  atmos- 
pheric effects  for  the  different  days.  Therefore,  for  low  altitude  photography, 
until  a universal  method  is  found  to  account  for  skyll^t  reflection  and  atmos- 
pheric effects,  it  appears  that  a few  simultaneous  water  samples  are  necessary 
to  obtain  the  vertical  position  of  the  reflectance-turbidily  curve  for  that  particu- 
lar aerial  overpass.  Once  that  is  done,  turbidity  and  solids  can  be  mapped  over 
the  entire  area  photographed.  It  is  the  water  pollution  parameter  of  turbidity 
that  quantitatively  correlates  to  the  aerial  image  brightness.  To  whatever  ex- 
tent suspended  solids  correlate  to  turbidity  on  a particular  day,  su^ended  solids 
can  also  be  mapped  from  the  aerial  image  brightness. 

One  can  also  correlate  the  concentration  of  solids  and  turbidity  to  the  ratio 
of  the  brightness  of  say  red/ green  from  a color  photo.  This  ratio  to  also  ef- 
fected by  the  skylight  reflection  and  changes  from  day  to  day  althot^h  the  waste 
concentration  may  not  (2,  4).  The  skylight  reflection  problem  is  presently  being 
investigated  by  John  Van  Domelen  at  the  University  of  Wisconsin. 
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Figure  7.  Plot  of  Suspended  Solids  versus  Turbidity  for  aU  of  the  water 
samples  collected  in  dirty  water  in  Lake  Superior  near  Duluth  in  Novem- 
ber 1972. 


CORRELATION  TO  ERTS  IMAGERY 

The  only  difference  between  correlating  between  water  quality  and  a low  al- 
titude photo,  and  between  water  quality  and  a satellite  image  is  the  atmosphere 
in  between.  Also  whereas  the  low  altitude  photo  can  be  taken  under  conditions 
varying  between  clear  to  completely  overcast,  a usable  ERTS  image  only  occurs 
on  a relatively  clear  day.  The  skyli^t  reflection  (C)  in  Figure  5 from  above 
the  satellite  is  a constant  so  the  only  variable  from  day  to  day  is  the  path  lu- 
minance (B)  in  Figure  5. 
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In  the  upper  portion  of  the  full  ERTS  frame  shown  In  Figure  1 lies  the  city 
of  Ely,  Minnesota.  The  U.  S.  Forest  Service  is  interested  in  classifying  the 
lakes  in  this  area  as  to  various  stages  of  lake  enrichment  or  eutrophication. 
Consequently  water  samples  were  gathered  from  three  lakes  in  the  area:  from 
a very  clear  lake,  an  enriched  lake,  and  one  partially  enriched.  These  water 
samples  were  analyzed  for  reflectance  and  transmittance  and  for  turbidity  and 
suspended  solids,  The  brightness  of  the  lakes  as  they  appeared  on  the  ERTS 
image  was  analyzed  on  the  microdensitometer.  In  Figure  8 the  percent  reflec- 
tance from  the  lab  and  the  ERTS  image  are  plotted  against  turbidity  and  suspended 
solids.  One  will  again  note  the  same  characteristic  curve  as  in  Figure  4 with 
the  ERTS  image  data  higher  than  the  lab  curve.  There  is  again  a good  correla- 
tion between  image  brightness  and  turbidity  and  suspended  solids  and  also  with 
the  Forest  Services  Eutrophication  Classification.  The  turbidity  and  the  solids 
that  cause  it  in  this  case  are  caused  by  algea  which  in  turn  are  caused  by  the 
nutrient  enrichment  which  varies  from  lake  to  lake.  The  fypes  of  algea  also 
vary  from  lake  to  lake.  Green  algea  live  in  lakes  with  high  concentrations  of 
dissolved  oxygen  while  blue  algea  are  often  most  prevalent  in  lakes  where  there 
is  little  o^^gen.  A wavelength  ratio  analysis  of  aerial  images  might  well  also 
indicate  the  predominant  type  of  algea.  This  is  an  area  which  needs  more 
research. 

The  curves  in  Figure  8 appear  impressive  but  the  water  samples  were  not 
collected  simultaneous  with  the  ERTS  overflight  in  this  case.  There  was  almost 
a year  between  the  image  and  the  sampling;  some  water  samples  simultaneous 
with  ERTS  overflight  are  needed  for  positive  correlation  between  the  water  and 
the  satellite. 

Professor  Sydor  and  his  students  at  the  University  of  Minnesota,  Duluth, 
were  able  to  collect  water  samples  of  the  muddy  Lake  Superior  water  simultan- 
eous with  ERTS  overpasses  on  four  days  in  the  summer  of  1973.  These  Images 
were  very  valuable  in  their  work  of  ascertainli^  the  current  patterns  in  Lake 
Superior  near  Duluth. 

These  water  samples  were  analyzed  for  suspended  solids  and  turbidity. 

The  resulting  ERTS  images  were  analyzed  on  an  image  density  slicer  at  the 
University  of  Minnesota  and  the  density  values  at  the  sample  points  were  com- 
pared to  the  density  of  the  step  wedge  on  the  image.  The  resultii^  exposing 
brightness  was  then  compared  to  the  percent  of  maximum  ei^osing  brightness 
using  the  internal  calibration  of  the  ERTS  camera.  These  resulting  values  can 
then  be  compared  to  percent  reflectance  obtained  in  the  lab  and  from  the  low 
altitude  photos.  Additional  water  samples  were  analyzed  at  the  University  of 
Wisconsin  for  corresponding  volume  reflectance  values.  Figure  9 shows  the 
resulting  reflectance  obtained  from  the  ERTS  image  on  the  four  days  compared 
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SUSPENDED  SOLIDS,  MG/L 
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F^re  8.  Volume  Reflectance  from  analyzing  water  samples  in  the  lab  and  ap- 
parent reflectance  fK»m  ERTS  imagery  plotted  against  turbidity  and  suspended 
solids.  The  IJiree  lakes  analyzed  are  classified  in  three  different  stages  of  en- 
richment or  Eutrophication  as  follows: 


Sample 

Lake 

A 

Distilled  Water 

B 

Snowbank  Lake 

C 

Ensign  Lake 

D 

Shagawa  Lake 

U.  S.  Forest  Service  Classification 
NA 

Oligotrophic  (clear) 
Mesotrophic  (Middle  Stage) 
Eutrophic  (enriched) 


1631 


SUSPENDED  SOLIDS  MG/L  (Average  Scale) 


T — « « 1 I ' * » I — 1 T r 


o 

o 

o 

lO 

CVJ 

Lf> 

1— 

• 

o 

• 

o 

33NViD31i3a  1N3D  «3d 


1632 


TURBIDITY  (JTU)  (EXACT) 

Figure  9.  Volume  Reflectance  from  laboratory  analysis  and  Apparent  Reflectance  from 
ERTS  Imagery  for  tbe  water  in  Lake  Superiors  near  Duluth,  Minnesota 


to  the  lab  volume  reflectance.  It  is  obvious  from  the  curve  that  although  all 
four  days  were  clear  there  is  some  difference  in  path  luminance  for  the  different 
days.  The  third  of  July  appears  to  have  been  a hazy  day.  Nevertheless  an  aver- 
age curve  for  the  four  days  establishes  the  variation  of  reflectance  with  turbidily 
and  thus  it  can  be  used  to  find  the  relative  turbidity  in  the  area  for  any  ERTS 
image,  and  the  absolute  turbidity  if  but  one  in  situ  measurement  is  available  to 
establish  the  vertical  position  of  the  curve  for  that  particular  day.  Figure  10 
shows  a suspended  solids  contour  map  made  by  using  the  average  curve  from 
Figure  9 and  two  in  situ  turbidity  and  suspended  solids  measurements  taken  at 
the  time  of  this  ERTS  overflight.  Both  samples  agree  with  the  average  curve. 
Ejq)ected  errors  in  values  of  turbidity  or  solids  due  to  deviation  of  axay  point 
from  the  established  curve  for  a particular  day  is  perhaps  no  more  than  10  to 
20%  (See  Figure  9).  This  is  about  comparable  to  errors  expected  in  water 
sample  gathering  and  analysis  techniques.  A map  showing  concentration  of 
turbidity  would  appear  quite  similar  to  the  map  for  suspended  solids  shown  in 
Figure  10.  The  argument  can  be  made  that  the  image  bri^tness  exactly  cor- 
relates to  turbidily  only  and  that  suspended  solids  measurements  may  be  in 
error  up  to  about  30%  due  to  Various  relationships  between  turbidity  and  suspended 
solids  (See  Figure  7).  This  is  true  but  when  one  notes  that  the  drinking  water 
standards  for  maximum  turbidity  are  5 (JTU)  and  that  the  water  intake  in  Lake 
Superior  (Figure  1)  was  obtainit^  water  for  drinking  with  turbidily  of  as  high  as 
100  (JTU)  the  design  of  the  intake  can  be  said  to  be  in  error  by  over  20  times  or 
2000%.  If  conventional  engineering  design  can  be  off  by  2000%,  and  if  ERTS 
ims^es  are  accurate  to  ±20%  or  30%,  then  it  is  obvious  that  aerial  remote  sens- 
ing can  greatly  improve  present  engineering  performance.  It  is  time  that  aerial 
remote  sensing  is  used  as  a valuable  tool  for  water  quality  investigations. 
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the  reflection  of  the  shyli^t,  or  clouds  in  this  case.  The  lab  results  show  no 
reflection  of  clouds  so  these  values  are  lower.  When  one  looks  into  a store  win- 
dow he  sees  not  only  what  is  in  the  showcase  but  also  his  own  face  or  perhaps 
a street  l^t  reflecting  back  at  him.  So  it  is  with  the  sun,  slgr  and  clouds  from 
the  surface  of  a water  body.  It  was  concluded  fliat  this  shift  between  the  lab 
curve  and  the  field  curve  was  primarify  caused  by  skyli^t  reflection  from  the 
surface  of  the  water  and  atmospheric  scatter  which  is  also  called  path  luminance. 

Figure  5 shows  a sketch  of  the  interaction  of  light  with  water.  The  volume 
reflectance  of  Figure  4 which  correlates  to  tuibidity  and  suspended  solids  in 
just  the  part  (D)  in  Figure  5.  The  aerial  image  also  shows,  (A)  the  reflection 
of  the  sim.  This  can  be  avoided  however,  by  correctly  i)ointing  the  camera  or 
using  that  part  of  the  im^e  which  (toes  not  contain  the  sun  glitter.  Some  energy 
(E)  can  penetrate  to  the  bottom  of  the  water  body  and  return  to  the  camera. 

These  are  unwanted  bottom  effects.  About  99%  of  the  energy  reaching  the  camera 
comes  from  above  the  d^th  of  the  Secchi  disc  reading*  (3).  Therefore,  bottom 
effects  can  be  eliminated  by  assuring  that  Secchi  disc  readings  are  less  than  the 
depth  to  bottom  in  the  area  under  investigation  or  working  with  longer  HI  wave- 
lengths which  penetrate  only  a few  inches  into  the  water. 

Atmospheric  scatter  or  path  luminance  (B  in  Figure  5)  and  that  energy 
from  the  slqr  which  reflects  from  the  air-water  interface  (C)  are  always  present 
on  an  aerial  photo  and  causes  the  shift  between  the  aerial  image  data  and  the  lab 
data  as  shown  in  Figure  4.  As  long  as  the  slgr  is  uniformly  clear  or  overcast  the 
value  of  skylight  reflection  (C)  is  uniform  and  can  be  uniformly  subtracted  out. 

The  mud(fy  water  collected  on  4 November  1972  and  caused  by  the  storm 
two  days  prior,  remained  in  the  SW  end  of  Lake  Superior  for  over  3 weeks.  On 
17  November  1972,  samples  and  aerial  photos  were  again  taken,  and  again  on 
23  November  1972.  Lab  analysis  of  the  water  samples  and  photo  analysis  were 
repeated  on  these  dates  similar  to  what  was  done  to  the  data  from  4 November 
1972. 


When  the  data  from  these  three  days  were  combined  it  was  only  the  water 
quality  parameter  of  turbidity  that  con^letely  correlated  to  volume  reflectance 
for  all  days.  Figure  6 shows  the  plot  of  volume  reflectance  versus  turbidity  for 
these  three  days.  Since  the  Secchi  disc  reading  is  just  a crude  field  method  of 
obtaining  turbidity,  reflectance  also  plots  well  against  the  Secchi  disc  readii^ 
for  these  three  days  and  this  is  also  shown  in  Figure  6.  The  plot  of  reflectance 


*The  Secchi  disc  is  a white  disc  that  is  loweied  into  the  water  until  it  is  no  longer  visible.  This  depth  is 
known  as  the  Secchi  disc  reading. 
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contour  map  results  for  Turfaidily. 
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QUANTITATIVE  WATER  QUALITY  WITH  ERS-1* 
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University  of  Kansas,  Lawrence,  Kansas  66044;  and  G.  Richard  Marzolf,  Division  of  Biology,  KansasState 
University,  Manhattan,  Kansas  66502 


1.0  ABSTRACT 

Analyses  of  ERTS-1  MSS  computer  compatible  tapes  of  reservoir 
scenes  in  Kansas  along  with  ground  truth  show  that  MSS  bands 
and  band  ratios  can  be  used  for  reliable  prediction  of  suspended 
loads  up  to  at  least  900  ppm. 

The  major  reservoirs  in  Kansas / as  well  as  in  other  Great  Plains 
states,  are  playing  increasingly  important  roles  in  flood  control, 
recreation,  agriculture,  and  urban  water  supply.  Satellite 
imagery  is  proving  useful  for  acquiring  timely  low  cost  water 
quality  data  required  for  optimum  management  of  these  fresh 
water  resources. 

2.0  INTRODUCTION 

The  dominant  limnological  feature  of  the  Great  Plains  today 
takes  the  form  of  reservoirs  constructed  by  the  U .S . Army 
Corps  of  Engineers  and  the  U.S.  Bureau  of  Reclamation.  The 
primary  influence  on  the  reservoir  ecosystem  is  the  suspended 
material  and  chemicals  carried  in  by  streams  and  rivers.  The  , 
authors  are  studying  ERTS  images  of  Kansas  reservoirs  to 
determine  the  feasibility  of  monitoring  these  water  quality 
indicators  by  satellite.  The  reservoirs  throughout  the 
state  {Figure  1)  which  should  be  representative  of  most  Great 
Plains  reservoirs,  are  located  in  a variety  of  physiographic 
regions  such  as  the  glaciated  region  in  the  northeast,  the 
valleys  emd  scarps  in  the  southeast,  the  dissected  plateau  and 
alluvial  plains  areas  in  central  Kansas , and  the  high  plains  in 
the  west. 

Two  reservoirs.  Perry  and  Tuttle  Creek,  have  been  singled  out 
for  close  study.  Approximately  ten  water  samples  from  each 
reservoir  are  collected  during  each  cloud-free  ERTS  overpass 
and  analyzed  for  concentrations  of  inorganic  suspended  and 
dissolved  solids,  organic  suspended  and  dissolved  solids, 
chlorophyll,  potassium,  phosphate,  and  nitrate  ions.  In  addi- 
tion, secchi  disc  and  temperature  measurements  sure  taken  at 
each  sampling  station.  The  two  reservoirs  are  distinct  in 
terms  of  adjacent  outcropping  rocks  and  land  use.  Perry  drains 


♦Work  supported,  in  part,  by  NASA  contract  NAS5-21822 
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a recently  glaciated  region  in  the  cornbelt  of  eastern  Kansas. 
Tuttle  Creek  drains  the  Flint  Hills  area  to  the  west  which  is 
outcropping  Gretaceous  and  Permian  rock.  The  dominant  land 
use  is  seasonal  grazing  and  small  grains.  A later  phase  of 
this  project  will  be  to  test  any  predictive  relations  derived 
from  Perry  and  Tuttle  Creek  on  other  reservoirs  in  Kansas. 

Kansas  reservoirs  are  typically  shallow  and  thus  are  susceptible 
to  mixing  by  strong  winds  which  are  a characteristic  climatic 
feature  of  this  region.  Wind  generated  currents  are  of  suf- 
ficently  high  velocity  to  maintain  a sizable  fraction  of  the 
silts  and  clays  in  suspension  and  the  result  is  turbid  water 
(mean  light  extinction  coefficient  A»2 .5  meters"^)  . Accord- 
ingly, reflected  energy  detected  by  ERTS  is  primarily  influ- 
enced by  the  suspended  load  (the  predominant  fraction  of  which 
is  inorganic  material) . 

Figure  2 summarizes  imagery  and  ground  truth  acquisitions  for 
Perry  and  Tuttle  Creek  reservoirs  during  the  first  25  ERTS 
passes  over  the  state  of  Kansas , which  covers  the  period  July  25 , 
1972  to  Oct.  2,  1973. 

Water  samples  were  collected  for  16  of  the  23  cloud  free  re- 
servoir passes.  Conditions  such  as  ice  cover,  high  wind  and 
mechanical  failure  prevented  sample  collection  for  the  re- 
maining 7 cloud  free  passes.  This  report  is  based  primarily 
On  the  analysis  of  computer  compatible  tapes  CCTi'*s)  from  11 
reservoir  passes  with  ground  truth  which  includes  sun  angles 
**^ove  the  Horizon  of  25“  to  62"  (Figure  3)  . Qualitative  analy- 
ses of  ERTS-1  9.5"  positive  transparencies  appear  in  earlier 
i^rfesentations  (Yarger,  1972  and  1973) . 

3.0  Sun  Angle  Effects 

' The  multispectral  scanner  (MSS)  in  ERTS  records  light  reflected 
..-afrom  a scene  illuminated  by  an  admixture  of  sunlight  and  sky- 
"“light  (Figure  4) . On  relatively  clear  days  the  spectral  shape 
Oof  the  illumination  remains  fairly  constant  throughout  the  year, 
t.,, However,  the  intensity,  angle  of  incidence,  and  path  length 

through  the  atmosphere  depend  on  sun  angle  (angle  cd>ove  horizon) . 
C^he  reflectance  levels  from  the  concrete  dam  at  Tuttle  Creek 
Reservoir,  a target  with  constant  spectral  reflectance,  demonstrate 
a strong  sun  angle  dependence  in  all  MSS  bands  (Figure  5) . As 
has  been  suggested  by  Vincent  (1972) , the  sun  angle  dependence 
is  suppressed  by  plotting  band  ratios  instead  of  absolute  levels 
(Figure  6).  The  three  other  possible  ratios,  not  plotted  in 
figure  6,  also  show  a flat  response  to  change  in  sun  angle. 

Ratioing  essentially  removes  the  effect  of  unequal  illuminating 
intensities  caused  by  the  continuously  changing  sun  angle  from 
one  ERTS  pass  to  the  next.  Since  the  ratio  curves  for  the  dam 
are  flat,  the  angle  of  incidence  and  atmospheric  scattering  of 
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reflected  light  are  not  important  factors,  at  least  for  a 
concrete  target. 

Water  reflect2mce  levels  do  not  exhibit  as  strong  a dependence 
on  sun  angle,  but  there  is  a significant  measureable  effect  (see 
Figure  7 for  band  5 example).  As  for  concrete,  the  absolute,  re- 
flectance levels  for  water  decrease  with  lower  sun  angle.  In 
addition,  the  correlation  (or  slope)  between  reflectance  level 
and  suspended  solids,  in  the  range  0-90  ppm,  appears  to  depend 
on  sun  angle.  On  the  other  hand,  the  magnitudes  of  MSS5/MSS4 
ratios  are  andistinguishable  for  the  three  different  sun  angle 
passes  (Figure  8) . The  slopes  (ratio  vs.  suspended  solids)  for 
the  two  low  sun  angle  passes  remain  fairly  flat,  A dark  object 
subtraction  on  each  band  before  ratioing,  as  suggested  by 
Vincent  (1972) , does  not  significantly  change  the  slopes  of  the 
three  passes.  Dark  object  subtraction,  which  is  the  absolute 
level  detected  by  ERTS  minus  level  of  darkest  object  in  scene, 
should  suppress  atmospheric  scattering  effects  present  in  the 
ratios.  These  results  indicate  that  the  slope  dependence  on  sun 
angle  is  probably  not  due  to  atmospheric  scattering.  It  is 
perhaps  due  to  water  column  reflectance  dependence  on  illuminator 
angle  of  incidence. 

There  were  ho  obvious  anomalous  conditions  during  the  low  sun 
angle  passes  such  as  high  wind  or  chemical  concentration.  Lower 
temperatures  should  not  significantly  effect  water  volume  reflect- 
ance (Scherz,  1971).  Reflectance  levels  from  the  8 passes  with 
sun  angle 2:45®  exhibit  much  weaker  dependence  on  sun  angle,  but 
ratioing  neverless  improves  correlation  with  suspended  load, 
particularly  for  bands  4 and  5.  The  3 passes  with  sun  angle 'S.40® 
exhibit  lower  correlation  with  suspended  load,  but  the  suspended 
load  range  20  to  60  ppm  is  small  compared  to  the  range  0 to  900  ppm 
for  all  the  data.  More  points  at  higher  suspended  load  and  low 
sun  angle  are  needed  to  statistically  confirm  a band  ratio-sus- 
pended solids  correlation  dependence  on  sun  angle.  For  the  re- 
maining discussion  it  is  assumed  that,  after  ratioing,  sun 
angle  dependence  is  relatively  unimportant. 

4.0  CCT  Correlations  with  Ground  Truth 


Digital  levels  for  each  water  sample  were  extracted  from  the  CCT 
by  locating  the  sample  station  coordinates  on  a CCT  generated 
gray  level  map,  then  averaging  9 pixels  centered  around  the 
coordinate  which  corresponds  to  a 240  x 240  meter  square  area 
o«  the  water  surface. 

Band  4 shows  no  correlation  beyond'~'50  ppm  and  is  useful  only  for 
relatively  clear  water  (Figure  9) . This  green  band  penetrates 
the  water  column  more  than  the  other  bands  (Figure  4) , but  as  a 
consequence  encounters  a large  amount  of  scattering  material  which 
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produces  saturation  or  maximum  scattering  at  levels'S'SO  ppm.  Band 
5 is  correlated  with  somewhat  higher  turbidites  (««80  ppm)  but  its 
response  to  suspended  load  is  quite  similar  to  band  4 (Figure  10) . 
Band  5 ratioed  with  band  4 (Figure  11)  improves  suspended  load 
correlation  and  is  roughly  linear  in  the  range  of  0 to  80  ppm  with 
RMS  residual  of  12  ppm  (Figure  12) . All  regression  analysis  in  this 
report  was  done  with  horizontal  axis  as  the  dependent  variable  and 
vertical  axis  as  the  independent  vari£d>le. 

Band  6 and  the  ratio  band  6/band  4 display  good  correlation 
with  suspended  load  over  the  entire  range  of  0 to  900  ppm  (Figure 
13  and  14) . A smoothly  varying  polynomial  fit  yields  an  RMS 
residual  of  31  ppm.  A similar  fit  (not  shown)  to  the  non- ratioed 
curve  in  figure  13  yields  an  RMS  residual  of  48  ppn,  so  that  a 
significantly  better  fit  was  achieved  by  ratioing.  As  is  the 
MSS5/MSS4  ratio,  the  MSS6/  MSS4  is  linearly  related  to  suspended 
solids  in  the  region^lOO  ppm.  The  response  of  band  7 (not  shown) 
and  band  7/band  4 (Figure  16)  to  suspended  load  is  somewhat  weaker 
than  the  other  bands-but  is  definitely  correlated  with  accuracy 
level'*' 50  ppm. 

Figure  17  is  an  example  of  a suspended  solids  contour  map  of  Tuttle 
Creek  Reservoir  (August  14,1972)  which  was  produced  using  a corre- 
lation curve  between  band  5 and  suspended  solids.  The  curve  (not 
shown)  was  derived  from  four  high  sun  angle  passes  which  yielded 
an  RMS  residual  of  5 ppm. 

Band  ratio  correlations  with  secchi  depth  (or  maximum  light  pene- 
tration depth)  are  shown  in  figures  18,  19,  and  20.  The  MSS5/MSS4 
ratio  is  able  to  predict  secchi  depth  (or  water  clarity)  to  within 
+ 20  cm.  to  at  least  a 1 meter  depth,  which  is  the  limit  of  this 
Tnvestigation . The  ratios  MSS 6/MSS 4 and  MSS7/MSS4  yield  reliable 
results  for  the  more  turbid  water  conditions  corresponding  to 
secchi  depth  in  the  range  0 to  40  cm  and  0 to  20  cm  respectively. 

A study  of  ratio  curves  for  MSS6/MSS5,  MSS7/MSS5,  and  MSS7/MSS6 
(not  shown)  indicates  that  these  ratios  are  not  very  useful  for 
correlation  with  suspended  load  or  secchi  depth. 

It  appears  that  gray  levels  obtained  from  electronic  slicing  of 
9,5"  black  and  white  ERTS  images  will  yield  similar  quantitative 
correlation  with  suspended  load  with  nearly  the  same  accuracy. 

This  part  of  the  investigation  is  still  underway. 

Also  underway  is  an  attempt  to  look  for  any  slight  correlations 
with  other  water  quality  parameters  such  as  chlorophyll  and  the 
algal  nutrients.  So  far  MSS5/MSS4  ratios  show  no  obvious  corre- 
lation with  chlorophyll  concentrations  up  to  10  g/liter. 
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Conclusions 


Inorganic  suspended  load  is  the  dominant  influence  on  reservoir 
reflection  levels.  MSS  band  ratios  derived  from  CCT's  Gan  be 
used  for  reliable  prediction  of  suspended  load  up  to  900  ppm 
during  at  least  the  high  sun  angle  warmer  months  and  perhaps  the 
entire  year  (see  discussion  on  sun  angle) . The  ratio  MSS5/MSS4 
is  useful  'in  the  range  0 to  80  ppm  with  accuracy  on  the  order  of 
10  ppm.  The  ratios  MSS6/MSS4  and  MSS7/MSS4  are  useful  from  0 
up  to  at  least  900  ppm,  which  is  the  limit  of  this  investigation, 
with  accuracies  of  30  ppm  and  50  ppm  respectively. 

It  is  obvious  that  MSS  band  correlation  with  other  water  quality 
parameters  such  as  chlorophyll  and  the  algal  nutrients  will  be 
slight  if  detectable  at  all.  This  part  of  the  investigation  is 
still  underway. 
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Figure  1.  Reservoirs  in  Kansas 


CATEGORY 

PASSES 

A 

TOTAL  RESERVOI  R PASSES 

50 

100 

CLOUD  FREE  PASSES 

23 

46 

CLOUD  FREE  PASSES  WITH 
GROUND  TRUTH 

16 

32 

CLOUD  FREE  PASSES  WITH 
GROUND  TRUTH  AND  HVIAGERY 

15 

30 

CLOUD  FREE  PASSES  WITH 
GROUND  TRUTH  AND  CCT'S 

11 

22 

Fi CURE  2.  DATA  ACQUl  S ITl ON  SUMIVIARY. 


1642 


IbOOSSlW 


DISTILLED  WATER 


S5H13W  Nl  HU3a  A3N30Ud3  nV«3A3  13A31  QNnOHO  IV  AOJI3N3  3AUVT3U 
NOUVJU3N3d  IHOn 


8 8 R S s?  § 8 a 2 ® 

No6£  aaniuvi  iv  sassioaa  ni  aiONv  nos 


1643 


FIGURE  4.  RADIANCE  VS  WAVELENGTH 
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FIGURE  14.  MSS6/MSS4  RATIO  FROM  CCT  VS.  SUSPENDED 

SOLIDS  FOR  107  WATER  SAMPLES  FROM  11  ERTS<1 
PASSES. 
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FIGURE  15.  MSS6/MSS4  RATIO  FROM  CCT  VS.  SUSPENDED  FIGURE  16.  MSS7/MSS4  RATIO  FROM  CCT  VS.  SUSPENDED 

SOLIDS  FOR  97  WATER  SAMPLES  FROM  10  ERTS-1  SOLIDS  FOR  108  WATER  SAMPLES  FROM  11 ERTS-1 

PASSES.  PASSES. 
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SECCHl  DEPTH  (METERS)  SECCHI  DEPTH  (METERS) 

FIGURE  19.  MSS6/MSS4  RATIO  FROM  CCT  VS.  SECCHI  DEPTH  FIGURE  20.  MSS7/MSS4  RATIO  FROM  CCT  VS  SECCHI  DEPTH 

FOR  % SAMPLE  STATIONS  FROM  10  ERTS-1  PASSES.  POr  97  SAMPLE  STATIONS  FROM  10  ERTS-1  PASSES. 
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AN  EVALUATION  OF  THE  USE  OF  ERTS-1  SATELLITE  IMAGERY  FOR  GRIZZLY 
BEAR  HABITAT  ANALYSIS 

Joel  R.  Varney  (PhUco-Ford  Corp.) , John  J.  Craighead  and  Jay  S.  Sumner,  Montana  Cooperative  Wildlife 
Research  Unit,  University  of  Montana,  Missouia,  Montana 


ABSTRACT 

Improved  classification  and  mapping  of  grizzly 
habitat  will  permit  better  estimates  of  population 
density  and  distribution,  and  allow  accurate 
evaluation  of  the  potential  effects  of  changes  in 
land  use,  hunting  regulations,  and  management 
policies  on  existing  populations.  Methods  of 
identifying  favorable  habitat  from  ERTS-l  multi- 
spectral  scanner  imagery  were  investigated  and 
described.  This  technique  could  reduce  the  time 
and  effort  required  to  classify  large  wilderness 
areas  in  the  Western  United  States. 


INTRODUCTION 

As  man  encroached  on  wilderness  that  formerly  comprised  much  of  the 
western  United  States,  the  grizzly  bear  declined  in  numbers  and  disappeared 
from  many  areas  where  it  was  once  abundant.  In  order  to  preserve  and 
manage  the  remaining  populations  it  is  imperative  that  we  thoroughly 
understand  the  relationship  between  the  grizzly  and  its  environment,  and 
use  this  knowledge  when  making  land  use  and  wildlife  management  decisions. 

Considerable  data  on  grizzly  bear  ecology  have  been  gathered  during 
the  course  of  a 13 -year  study  of  these  bears  in  the  Yellowstone  ecosystem 
(Refs.  1-7).  This  population  constitutes  one  of  the  few  sizeable  populations 
remaining  in  the  United  States  outside  of  Alaska.  Recent  research  work  at 
the  Montana  Cooperative  Wildlife  Research  Unit  has  placed  increasing 
emphasis  on  habitat  evaluation  and  integration  of  habitat  data  with  accumulated 
knowledge  of  the  grizzly *s  food  habits,  home  range,  movements,  and  population  ^ 
dyhamlcs.  The  result  will  be  a better  understanding  of  grizzly  bear  habitat 
usage  and  requirements.  It  will  also  permit  more  accurate  estimates  to  be 
made  of  population  density  and  distribution,  and  allow  wildlife  managers 
to  predict  the  effects  of  land  use  changes  (logging,  construction  of  roads, 
etc.)  on  existing  bear  populations.  Grizzly  bear  habitat  can  be  evaluated 
to  determine  if  grizzlies  can  be  reintroduced  and  survive  in  habitat  from 
which  they  have  been  eliminated. 

The  development  of  remote  sensing  techniques  of  land  use  and  habitat 
evaluation  using  aerial  photography,  multispectral  scanning,  sidelooking 
radar,  active  or  passive  microwave  imaging,  and  other  methods,  has  been 
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rapid  in  the  last  few  years-  These  techniques  have  great  potential  for 
reducing  both  the  effort  and  cost  of  surveying  the  inaccessible  and  exten- 
sive wilderness  areas  that  comprise  favorable  grizzly  bear  habitat.  This 
report  evaluates  the  use  of  one  of  these  techniques,  multispectral  imaging 
from  earth-orbiting  satellites- 

Viewing  equipment  for  analyzing  ERTS-1  multispectral  images  was 
recently  acquired  by  the  University  of  Montana  Geology  Department  as  part 
of  an  Earth  Resources  Program  contract  with  the  National  Aeronautics  and 
Space  Administration  (Applicability  of  ERtS-1  to  Montana  Geology, 
NAS5-21826;  R^M-  Weidman,  Principal  Investigator).  This  provided  us  with 
an  opportunity  to  compare  ERTS-1  imagery  with  habitat  data  gathered  for  the 
U.S.  Forest  Service  and  Montana  State  Fish  and  Game  Department  during  the 
summer  of  1972  (Ref.  11).  Our  comparison  of  multispectral  images  with 
habitat  data  have  enabled  us  to  come  to  some  conclusions  about  the  useful- 
ness of  this  technique  and  to  identify  some  promising  areas  for  further 
investigation - 


IMAGERY  COVERAGE  OF  MONTANA  AND  STUDY  AREA 


The  coverage  of  ERTS-1  MSS  imagery  for  Montana  is  shown  in  Figure  1. 

The  satellite  moves  from  north  to  south  along  the  paths  shown  as  dotted  lines. 


Fig.  1:  ERTS-1  coverage  of  Montana  and  study  area 
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Images  are  taken  at  approximately  160  km  (100  mile)  intervals  along  each 
path.  Adjacent  paths  are  covered  on  successive  days,  moving  from  east  to 
west.  The  same  orbit  path  is  repeated  at  18*day  intervals. 

Since  each  image  is  roughly  square  and  covers  an  area  measuring 
185  km  (115  miles)  on  each  side,  there  is  about  10%  north-south  overlap 
on  successive  frames  taken  in  each  orbit,  and  about  40%  overlap  on  frames 
taken  on  successive  days  from  adjacent  orbits.  It  is  thus  possible  to 
obtain  side-lap  stereo  viewing  of  most  areas  with  images  taken  in  adjacent 
orbits. 

The  location  of  the  study  area  is  shown  in  Fig.  1,  along  with  the 
coverage  of  the  images  that  were  used  in  our  evaluation.  These  images  were 
selected  by  checking  the  NASA  indexes  (ERTS  U.S.  Standard  Gatalog, 

NASI. 48: 972)  and  by  examining  the  print  file  maintained  by  the  Geology 
Department*  Coverage  began  after  launch  of  the  satellite  in  July  1972  and 
continues  up  to  the  present.  The  time  of  greatest  interest  to  us  was  from 
July  to  November  1972.  This  included  the  period  when  personnel  were  in  the 
field  obtaining  ground  truth  data.  Satellite  imagery  obtained  during  this 
period  is  listed  in  Table  I.  Although  coverage  of  the  study  area  occurred 
every  18  days,  many  images  were  unusable  because  of  cloud  cover.  One  set  of 
images  in  August  and  one  in  October  were  cloud-free,  and  were  selected  for 
evaluation.  Frame  1036-17571  (Aug.  28)  was  used  for  most  of  the  vegetation 
analysis.  This  frame  and  frame  1072-17571  (Oct.  3)  were  used  together  to 
examine  time-lapse  effects  in  the  appearance  of  vegetation  and  snow  cover. 
Frame  1035-17513  (Aug.  27)  and  frame  1036-17571  (Aug.  28)  were  used 
together  for  side-lap  stereo  viewing. 


TABLE  I 

ERTS-1  IMAGERY  OF  STUDY  AREA 
July -Nov.  1972 


Date 

Frame 

Cloud 

Cover 

Subsatellite 

Point 

Sun  Angle 
Elev.  Az. 

8-10 

1018-17571 

10% 

47.12' 

'N  113.88“W 

51.7“ 

137.3' 

8-27* 

1035-17513 

0 

47.28 

112.43 

47.1 

142.7 

8-28* 

1036-17571 

0 

47.30 

113.80 

46.0 

143.0 

9-15 

1054-17571 

60 

47.33 

113.77 

41.2 

148.6 

10-2 

1071-17513 

10 

47.51 

112.23 

35.3 

153.3 

10-3* 

1072-17571 

10 

47.43 

113.72 

35.0 

153.5 

10-20 

1089-17515 

0 

47.38 

112.35 

29.3 

156.8 

10-21 

1090-17574 

70 

47.33 

113.80 

29.0 

156.9 

11-7 

1107-17521 

30 

47.26 

112.45 

23.8 

158.7 

11-8 

1108-17575 

40 

47 . 26 

113.85 

23.5 

158.8 

11-25 

1125-17522 

40 

47.32 

112.46 

19.3 

159.2 

* Frames  selected  for  evaluation 
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STUDY  AREA 


The  135  sq  km  (52  sq  mi)  study  area  is  in  the  center  of  the  newly- 
formed  970  sq  km  (240,500  acre)  Lincoln-Scapegoat  Wilderness  which  is 
120  km  (75  mi)  west  of  Great  Falls,  Montana*  It  lies  within  the  Lolo 
National  Forest  and  is  bordered  by  the  Bob  Marshall  Wilderness  area  on 
the  northwest#  Elevations  in  the  study  area  range  from  1700  to  2800  m 
(5600  to  9200  ft),  with  over  half  of  the  area  above  2400  m (8000  ft). 
The  relative  isolation  and  light  use  of  the  area,  combined  with  specific 
vegetation  and  topographic  characteristics,  make  it  a favorable  habitat 
for  grizzlies.  Between  July  29  and  September  15,  1972,  the  area  was 
type-mapped  for  food  plants  utilized  by  grizzlies.  A population  survey 
of  grizzlies,  black  bear,  and  other  mammals  and  birds  was  made  over  a 
somewhat  larger  area  at  the  same  time  (Ref.  11). 


GRIZZLY  HABITAT  CRITERIA 

A study  of  the  food  habits  and  habitat  requirements  of  grizzlies  in 
the  Yellowstone  ecosystem  (Ref.  5)  indicates  that  the  following  criteria 
are  important  for  the  maintenance  of  a grizzly  population: 

1.  Space 

The  home  ranges  of  grizzly  bears  may  encompass  areas  up  to 
3900  sq  km  (1500  sq  mi).  Large  wilderness  areas  or  de  facto 
wilderness  areas  of  national  parks  and  national  forests  provide 
the  required  area. 

2.  Isolation 

Grizzlies  conflict  with  man  and  his  livestock,  and  have  been 
eliminated  from  developed  areas.  Areas  where  bears  remain  and 
potential  habitat  for  re-introduction  of  grizzlies  is  isolated 
and  should  receive  only  light  recreational  and  livestock  use. 
Roads  and  extensive  trails  degrade  grizzly  habitat . 

3.  Food 

An  abundance  of  natural  foods  must  be  available  from  April  to 
November,  and  must  be  sufficiently  varied  so  that  occasional 
annual  deficiencies  of  one  or  more  sources  do  not  jeopardize 
the  population.  Basic  foods  are  carrion,  ungulates,  rodents, 
berries,  pine  nuts,  green  vegetation,  bulbs  and  tubers,  and  in 
some  situations,  fish. 

4.  Vegetation  types 

A wide  range  of  vegetational  types  characterize  prime  grizzly 
bear  habitat . A mixture  of  timber  and  alpine  meadows  provide 
the  bears  with  places  to  forage,  socialize,  and  breed.  Alder 
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thickets,  lodgepole  downfalls,  and  other  dense  vegetation  are 
preferred  bedding  sites*  Large  tracts  of  undisturbed  timber 
provide  protection  and  seclusion. 

XJhile  other  factors  may  influence  a population  in  a particular  situation, 
those  cited  above  are  the  ones  which  were  given  primary  consideration  in 
our  investigation. 


HABITAT  ASPECTS  THAT  CAN  BE  INVESTIGATED  WITH  ERTS-1  IMAGERY 

Information  about  many  of  the  important  features  of  grizzly  habitat 
can  be  obtained  from  ERTS-1  imagery.  The  high  altitude  from  which  the 
images  are  taken  allows  accurate  mapping  directly  from  photographs.  The 
repetitive  coverage  obtained  every  18  days  is  useful  in  investigating 
seasonal  changes  in  vegetation  and  snow  cover.  The  imagery  is  ideally 
suited  for  evaluating  general  topographic  character  and  identifying  broad 
classes  of  vegetation  in  existing  or  potential  grizzly  habitat. 

The  large  scale  of  the  images  also  results  in  some  disadvantages.  The 
resolution  limit  is  about  100  m,  which  restricts  the  kinds  of  information 
which  can  be  obtained.  For  example,  isolated  trees,  most  roads,  and  small 
patches  of  vegetation  or  other  features  less  than  about  8000  sq  m (2  acres) 
in  extent  cannot  be  seen  on  the  imagery.  However,  vegetation  classes  can 
be  distinguished  (forest  vs.  meadow),  but  identification  of  particular  species 
within  a class  (pine  vs.  fir)  is  generally  not  possible  at  present. 

We  identified  several  ways  in  which  ERTS-1  imagery  can  be  either  a useful 
supplement  to  other  techniques  or  offers  significant  advantages  or  cost 
savings  over  other  habitat  analysis  methods.  These  include  determination  of 
general  vegetation  character,  simple  land  use  classification,  and  identifica- 
tion of  a major  food  species  (whitebark  pine).  Monitoring  seasonal  vegeta- 
tion changes  and  observing  the  extent  and  altitude  of  snow  cover  at  intervals 
throughout  the  year  also  proved  feasible.  These  are  discussed  in  more  detail 
in  RESULTS. 


IMAGE  ANALYSIS  METHODS 

Most  image  analysis  was  done  with  a color -additive  viewer  using  positive 
transparency  enlargements  (23  x 23  cm,  scale  1:1,000,000)  of  the  multi - 
spectral  scanner  scenes.  Portions  of  these  transparencies  encompassing  the 
study  area,  8 x 10  cm  in  size,  were  cut  out  and  mounted  in  70mm  glass  and 
metal  slide  holders.  The  area  covered  is  illustrated  in  Fig.  2 and  was 
designated  Scene  1. 

The  prepared  slides  for  each  of  the  four  MSS  bands  were  then  placed  in 
a Spectral  Data  Corporation  Model  64  Multispectral  Viewer.  Red,  green,  blue, 
or  white  light  of  variable  intensity  was  projected  through  each  of  the  four 
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transparencies  to  form  a color  composite  image  on  a 23  x 23  cm  ground  glass 
viewing  screen.  The  viewer  optics  provide  a x3.37  enlargement  of  the  slide, 
giving  an  image  scale  of  1:297,000  on  the  viewing  screen.  After  adjustments 
to  place  all  four  images  in  register,  various  combinations  of  band,  colors, 
and  light  intensities  can  be  set  up  to  give  maximum  enhancement  to  features 
of  interest  in  the  composite  image. 

After  ottalning  the  desired  scene  display  by  appropriate  adjustments, 
the  image  was  permanently  recorded  by  photographing  the  viewing  screen  with 
a 35mm  camera  and  Type  B High  Speed  Ektachrome  film.  The  resulting  slides 
could  later  be  examined,  projected,  or  used  to  make  prints  as  required. 

A 23  X 23  cm  transparent  overlay  was  prepared  for  the  viewer  screen  to 
aid  in  identifying  major  topographic  features  and  landmarks.  A convenient 
and  low  cost  method  of  making  such  overlays  consisted  of  copying  a portion 
of  a 1:250,000  scale  USGS  topographic  map  on  a Xerox  7000  electrostatic 
copying  machine  at  the  #2  reduction  setting  (84.5%)  and  then  making  a 1:1 
thermographic  overhead  projection  transparency  from  this  reduced-size  copy. 
The  resulting  overlay  matched  the  image  scale  on  the  viewing  screen  within 
1%  and  allowed  forest  boundaries,  drainages,  mountains,  and  other  features 
to  be  easily  identified. 

A composite  aerial  photograph  map  of  the  study  area  was  also  prepared 
from  Forest  Service  1:15,840  black  and  white  panchromatic  photographs  to  aid 
in  identifying  small  features  not  shown  on  the  topographic  map. 

A Bauch  & Lomb  model  ZT-4  Zoom  Transfer  Scope  was  used  to  draw  vegeta- 
tion maps  from  the  35mm  slides  of  color  composite  images  and  to  superimpose 
topographic  maps  on  the  images  for  identification  of  major  features  and 
determination  of  snow  cover  elevat  ion. 


RESULTS 

Image  color  effects 

Conclusions  similar  to  those  of  other  investigators  (Refs.  8-10)  were 
reached  after  evaluating  the  comparative  utility  of  the  four  MSS  images,  both 
individually  and  in  combinations. 

The  two  infrared  bands  (band  6,  0.7  to  0.8  pm,  band  7,  0-8  to  1.1  >im) 
were  very  similar  in  appearance,  with  rivers  and  lakes  showing  black  and 
growing  plants  in  light  tones*  They  reduced  the  dark  tones  of  forested 
areas  normally  apparent  in  visible  light  so  that  the  topography  of  the  scene 
was  very  clear.  Band  5 Images  (0.6  to  0.7  pm,  red)  most  closely  approached 
the  appearance  of  normal  aerial  photographs;  forests  and  growing  vegetation 
appeared  in  dark  tones  and  dry  vegetation  in  light  tones.  Band  4 images 
(0.5  to  0.6  pm,  green)  were  the  least  useful  for  vegetative  mapping  and  had 
a slightly  hazy  appearance  due  to  atmospheric  scattering,  but  were  the  best 
for  identifying  snow  cover. 
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A combination  of  bands  5 and  7 gave  the  finest  detail  for  vegetative 
mapping.  Adding  band  4 to  these  two  gave  greater  subtlety  of  color  but 
resulted  in  a slight  reduction  in  detail,  both  because  of  the  haze  effect 
and  the  additional  difficulty  of  adjusting  three  images  for  perfect  regis- 
tration instead  of  two. 

Simulated  false -color  infrared  images  were  obtained  by  illuminating 
band  4 with  blue  light,  band  5 with  green,  and  band  7 with  red.  Band  6 
was  usually  not  used  because  of  its  similarity  to  band  7.  In  these  images 
growing  vegetation  appears  in  various  shades  of  red.  A simulated  normal - 
color  image  could  be  obtained  by  projecting  band  4 in  blue,  band  5 in  red, 
and  band  7 in  green.  The  resulting  image  shows  growing  vegetation  in 
exaggerated  shades  of  green  and  was  slightly  easier  for  inexperienced 
observers  to  classify  accurately. 


Scene  Illumination  effects 


The  transparencies  supplied  by  the  EROS  data  center  are  photometrically 
accurate,  having  densities  which  correspond  to  absolute  scene  brightness. 

As  a result,  scenes  obtained  during  winter  months  at  high  latitudes  are 
often  very  dark.  Two  effects  are  responsible  for  this  darkening:  one  is 

the  lower  average  illumination  level  due  to  oblique  lighting;  the  other  is 
the  presence  of  many  more  shadows  in  areas  of  uneven  topography. 

Sun  angles  above  the  horizon  for  imagery  of  the  study  area  were  summar- 
ized in  Table  I.  They  vary  from  52“  on  August  10  to  19“  on  November  25. 

We  found  that  vegetation  mapping  was  more  difficult  in  mountainous  areas 
with  November  imagery  than  with  August  imagery.  North-  and  northwest -facing 
slopes  received  much  less  light  at  low  sun  angles  than  south-facing  ones, 
and  resulted  in  tone  variations  that  were  larger  than  those  used  to  discrim- 
inate between  vegetation  types  in  bright  evenly-illuminated  areas.  Discrim- 
ination within  large  sloping  areas  illuminated  at  very  low  angles  was  poor 
because  of  the  general  dark  tone,  and  no  details  could  be  distinguished  in 
full  shadow. 


Determination  of  general  vegetation  character 

High  alpine  meadows  appear  in  light  red  or  pink  in  the  simulated  false - 
color  infrared  images  and  can  be  easily  identified  and  distinguished  from 
the  timbered  areas  which  are  a darker  red  or  grayish-red.  Large  areas  can 
be  quickly  examined  on  the  images  and  those  portions  with  combinations  of 
forest  and  meadows,  favorable  grizzly  bear  habitat,  can  be  noted  for  further 
examination. 


Classification  of  habitat  quality  by  type  and  intensity  of  land  use 

Areas  that  have  been  identified  as  possible  bear  habitat  by  the  initial 
examination  of  vegetation  character  can  be  further  classified  by  eliminating 
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those  portions  that  are  heavily  used  by  man  and  grading  the  remaining  are^ 
by  a measure  of  land  use  intensity. 

An  overlay  can  be  prepared  for  the  satellite  image  which  shows  all 
settlements,  agricultural  land,  grazing  land,  logging  or  mining  activity, 
roads,  and  trails  in  the  area.  Areas  within  a certain  radius  of  settlements 
and  residences,  all  agricultural  land,  and  a strip  adjacent  to  roads  and 
trails  with  width  proportional  to  traffic  volume  are  eliminated.  Grizzlies 
tend  to  avoid  such  areas,  and  those  who  do  not  are  usually  eliminated  in  the 
eventual  bear-man  conflicts  which  result.  The  remaining  area  is  considered 
to  be  potentially  suitable  habitat  for  further  evaluation.  A simple  example 
of  one  possible  type  of  overlay  is  shown  in  Fig*  3.  Urban  areas,  agricultural 
land,  and  grazing  land  are  usually  easily  identifiable  on  the  satellite 
imagery  by  their  characteristic  colors  and  can  be  mapped  directly.  Roads 
and  trails  are  generally  not  visible;  their  locations  must  be  obtained  from 
maps.  The  width  of  the  excluded  strips  adjacent  to  them  can  be  determined 
from  traffic  counts,  visitor  statistics,  and  other  sources. 


Areas  which  meet 
low  use  requirement 


^ Residences 
Major  road 
x«si  Secondary  Road 
Trail 


Fig.  3:  Example  of  a use-intensity  overlay 
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Before  this  method  can  be  used  it  will  be  necessary  to  establish  an 
approximate  scale  factor  for  the  excluded  high-use  areas;  on  trails, 
for  example,  the  width  of  the  excluded  strip  would  be  a certain  number  of 
meters  per  visitor  man-day*  Such  scales  would  be,  initially  at  least, 
rather  arbitrary*  An  analysis  of  Yellowstone  Park  visitor  use  would 
probably  provide  the  best  starting  point  since  better  records  of  both  bear 
and  human  distribution  exist  there  than  any  other  area*  The  resulting 
scales  would  need  to  be  modified  in  some  respects  for  habitat  evaluation 
outside  of  national  parks.  This  classification  method  could  not  be  expected 
to  be  accurate  in  any  absolute  sense,  but  would  permit  use  intensity  in 
various  areas  to  be  compared  with  one  another  and  rankings  of  habitat  quality 
to  be 


Identification  of  whitebark  pine 

Examination  of  the  color  composite  image  of  the  study  area  with  the 
color -additive  viewer  did  not  reveal  any  distinctive  variations  in  color  or 
tone  that  would  permit  differentiation  of  the  various  tree  species  from  one 
another.  However,  we  found  that  a combination  of  tree  cover  imagery  and 
altitude  information  permitted  reasonably  accurate  identification  of  whitebark 
and  limber  pine,  important  food  species  for  grizzly  bears* 

The  ground  survey  showed  that  whitebark  pine  (Pinus  albicaulis)  and 
limber  pine  (Pinus  flexilis)  occurred  predominantly  on  higher  ridges  in  the 
study  area,  usually  above  2100m (7GG0  ft)  elevation*  The  approximate  dis- 
tribution of  these  pines  is  shown  in  Fig.  3 of  Ref.  11.  Both  species  were 
considered  as  whitebark  pine  for  classification  purposes. 

A projection  mask  was  prepared  from  a topographic  map  which  showed  all 
areas  above  21G0  m in  black.  This  image  was  combined  (using  white  light) 
with  the  false-color  infrared  (Fig*  4)  or  normal-color  images  in  the  color- 
additive  viewer*  The  r esulting  false-color  image  is  shown  in  Fig*  5*  In 
this  image  timbered  areas  above  21GG  m appear  dark  red,  and  can  be  easily 
identified  and  mapped*  A simulated  normal-color  image  of  the  study  area  is 
shown  in  Fig.  6. 

Timbered  areas  mapped  from  the  false-color  or  normal-color  images  are 
shown  in  Fig.  7 in  relation  to  the  distribution  of  whitebark  pine  observed 
on  the  ground.  The  area  covered  by  whitebark  pine  is  3G.6  sq  km,  and  the  high 
elevation  timbered  areas  identified  from  satellite  imagery  cover  44.3  sq  km 
(excluding  the  two  southernmost  areas,  which  were  not  checked  in  the  ground 
survey).  The  crosshatched  common  area  is  25.4  sq  km.  If  the  ground  survey 
were  entirely  accurate,  57%  of  the  high  elevation  timbered  area  shown  on  the 
imagery  was  whitebark  pine,  and  83%  of  the  total  whitebark  pine  area  was 
included  within  the  boundaries  mapped  from  the  imagery.  This  is  a reasonably 
good  result,  especially  considering  the  simplicity  of  the  method  and  the 
limited  accuracy  of  the  ground  survey. 
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4:  Simulated  false-color 

infrared  image  of  scene  1 as 
displayed  on  color -additive 
viewer . Growing  vegetation 
appears  in  shades  of  red- 


5:  Scene  1 with  high- 

altitude  overlay  superimposed 
in  white  light.  Only  the 
areas  above  7000  ft  remain 
visible. 
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7:  Distribution  of  white- 

bark  pine  observed  on  the  ground 
compared  with  high  altitude 
timbered  areas  mapped  from 
satellite  imagery. 


Fig.  6:  Simulated  normal -color 

image  of  study  area  with  high 
altitude  overlay  superimposed. 
Growing  vegetation  appears  in 
shades  of  green. 
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other  factors  beside  altitude  which  influence  where  whltebark  pine 
occurs  include  aspect,  exposure,  soil  type,  and  available  moisture.  On 
north-facing  slopes  they  were  often  found  at  lower  elevations  than  on  south- 
facing slopes.  More  accurate  estimates  of  distribution  could  be  made  using 
satellite  imagery  by  incorporating  such  factors  into  the  discrimination 
process. 


Identification  of  shrubs,  grasses,  and  herbs 

Other  important  plant  food  items  in  the  study  area  utilized  by  the  grizzly 
include  huckleberry  and  grouseberry  (Vaccinlum  spp . ) , tubers  of  Claytonia  spp. 

bomatium  spp . , and  several  other  herbs  and  grasses.  These  occur  as  low 
shrubs  growing  as  understory  among  larger  trees  or  small  plants  in  open  areas. 

It  was  not  possible  to  identify  any  of  these  species  from  the  satellite 
imagery  alone.  Open  alpine  meadows  could  be  easily  distinguished  from  timber 
stands,  but  particular  species  of  vegetation  in  the  meadows  could  not  be 
separated.  Mapping  the  area  and  extent  of  the  meadows  may  provide  sufficient 
data  to  allow  an  accurate  estimate  of  the  amount  of  tuberous  and  other  foods 
available,  since  the  general  composition  of  alpine  meadow  vegetation  varies 
relatively  little.  It  can  be  reasonably  assumed,  for  example,  that  the 
amount  and  distribution  of  Claytonia  spp . and  Lomatium  spp.  determined  by 
sampling  in  one  location  would  be  representative  of  other  alpine  areas  within 
the  ecosystem. 

The  understory  species  (Vaccinlum  spp . ) were,  of  course,  not  visible  at 
all.  Understory  typing  would  probably  be  limited  to  identifying  likely  areas 
for  sampling  by  ground  observers. 

Some  discrimination  between  visible  vegetation  types  should  be  possible 
on  the  basis  of  association  with  indentifiable  species  (whitebark  pine), 
altitude,  soil  type,  topography  (exposure),  or  a combination  of  these  factors. 

Since  green  plants  are  easily  distinguished  from  dry  or  dead  ones  by 
their  high  reflectance  in  the  infrared  bands  and  the  resulting  appearance  in 
false -CO lor  or  normal -color  images,  a series  of  scenes  at  18 -day  intervals 
can  be  used  to  determine  the  time  of  appearance  of  new  growth  in  the  spring, 
and  drying  and  dying  of  vegetation  in  the  late  summer  and  fall.  To  the 
extent  that  this  is  species-specific,  it  provides  an  additional  type  discrim- 
ination factor.  Other  investigators  have  found  that  this  is  a promising 
technique  for  distinguishing  coniferous  trees  from  hardwoods,  and  for 
identifying  some  species  of  hardwoods  and  agricultural  crops  (Ref.  12). 


Mapping  snow  cover 

Information  about  snow  conditions  is  helpful  in  studies  of  the  grizzly, 
since  it  determines  the  bear's  hibernation  behavior  and  influences  the 
availability  of  food  in  the  spring  and  fall. 


1665 


Snow  appeared  most  distinctively  in  bands  4 or  5,  where  it  had  highest 
contrast  with  surrounding  snow-free  terrain.  Although  clouds  and  snow  had 
about  the  same  brightness,  they  could  generally  be  distinguished  without 
difficulty  because  of  characteristic  differences  in  shapes  and  because  of 
the  shadows  that  accompanied  clouds . The  boundaries  of  snowcovered  areas 
are  easily  distinguished  on  bare  or  lightly-vegetated  terrain.  They  become 
more  difficult  to  see  in  heavy  timber.  These  observations  agree  with  the 
findings  of  other  investigators  (Refs.  9,  13,  14). 

A time-lapse  technique  proved  to  be  very  useful  in  determining  changes 
in  snow  cover  over  a period  of  time.  Two  band  4 images  of  the  same  area, 
one  taken  in  August  and  one  in  October,  were  superimposed  on  the  viewer. 

The  August  image  was  illuminated  with  red  light,  the  October  image  with  green. 
In  areas  where  no  changes  in  tone  had  occurred  during  the  time  between  the 
images  were  taken,  the  resulting  composite  was  a neutral  greenish-gray. 

Areas  that  were  lighter  in  the  October  image  appeared  red,  and  areas  that  were 
darker  appeared  green. 

The  resulting  effect  is  illustrated  in  Fig.  8.  Areas  covered  by  snow 
in  October  which  were  not  covered  In  August  are  bright  red  and  can  be  easily 
distinguished.  Examination  of  this  image  with  a topographic  map  overlay 
shows  that  the  snow  level  on  October  3 was  at  2400  m (2300  m on  north-facing 
slopes)  in  the  4200  sq  km  area  shown. 

Additional  data  for  vegetation  type  mapping  can  be  obtained  from  snow 
cover  information,  since  it  is  closely  related  to  moisture  conditions. 
Differential  rates  of  melting  and  the  resulting  changes  in  snow  field  bound- 
aries can  provide  data  about  exposure  and  average  temperature  that  will  help 
discriminate  between  some  types  of  vegetation  that  are  indistinguishable  on 
the  basis  of  appearance  alone.  The  appearance  and  flowering  of  certain  plant 
species  is  closely  related  to  snow  field  boundaries,  so  the  location  of  these 
boundaries  can  indicate  the  type  of  vegetation  and  the  general  phenology  in 
these  areas. 


DISCUSSION 

The  results  of  this  brief  investigation  show  that  ERTS-1  multispectral 
scanner  imagery  can  be  of  considerable  value  in  habitat  analysis.  Useful 
information  about  several  aspects  of  the  grizzly  Vs  environment  can  be 
obtained  with  minimal  cost  and  effort  from  a few  hours  spent  examining  the 
imagery.  The  authors  have  not  had  prior  photointerpretation  experience, 
and  so  we  may  have  overlooked  information  (of  which  other  investigators  are 
already  aware)  that  could  be  obtained  from  the  imagery.  We  plan  to  continue 
evaluating  this  technique  in  ongoing  programs  where  habitat  data  are  needed. 

We  feel  that  satellite  imagery  is  most  valuable  at  present  as  a supple- 
ment to,  not  a replacement  for,  field  observations  by  personnel  on  the 
ground.  Limitations  in  image  resolution  and  in  the  kinds  of  information 
that  can  be  obtained  from  multispectral  scanning  allow  much  room  for  error 
if  used  alone.  The  imagery  can  be  used,  however,  to  perform  a great  deal 
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Fig.  8:  Composite  image  of  scene  1 with  superimposed  altitude 

overlay.  Recent  snow  appears  bright  red. 
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of  initial  screening  and  to  select  those  areas  where  field  effort  can  be  most 
productively  concentrated.  In  surveying  wilderness  areas  to  locate  suitable 
habitat  for  re introduction  of  grizzlies,  for  example,  large  portions  could 
be  eliminated  from  consideration  on  the  basis  of  the  imagery  alone  with  high 
confidence.  Field  work  can  then  be  focused  on  the  remaining  locations  which 
appear  to  meet  minimum  requirements.  Examination  6f  satellite  imagery  at 
the  beginning  of  a study  should  thus  allow  an  effective  sampling  strategy  to 
be  developed  which  will  minimize  the  field  effort  and  overall  program  cost. 

Using  the  techniques  described,  we  could  rapidly  survey  the  three  largest 
ecosystems  in  the  western  United  States  (Yellowstone,  Selway-Bitterroot,  and 
Bob  Marshall)  to  determine  the  location  and  extent  of  favorable  grizzly  habitat, 
to  assist  in  making  more  accurate  estimates  of  the  present  grizzly  population 
in  these  areas,  and  to  locate  the  most  promising  sites  for  reintroduction. 

Such  information  is  badly  needed  and  could  be  obtained  with  comparatively 
modest  funding.  Together  with  the  extensive  data  on  grizzly  food  habits, 
movements,  ranges,  and  general  bear  ecology  that  has  already  been  gathered, 
such  a survey  could  provide  several  western  states  with  a basis  for  evaluat- 
ing their  hunting  regulations  and  harvest,  and  provide  both  state  and  federal 
agencies  with  better  data  than  is  now  available  to  consider  when  making 
management  and  land  use  decisions. 

Satellite  remote  sensing  methods  are  a valuable  addition  to  the  tools 
of  the  wildlife  researcher  and  manager  in  their  present  state  of  development. 

The  usefulness  of  the  data  from  ERTS-1  will  expand  in  the  near  future,  as 
other  researchers  develop  analysis  methods  to  increase  the  types  and  quality 
of  data  that  can  be  obtained  from  the  images.  This  effort  should  result  in 
additional  techniques  that  would  be  useful  in  habitat  analysis.  Remote 
sensing  will  become  increasingly  valuable  in  wildlife  research  and  management 
as  equipment  with  improved  resolution  and  additional  spectral  bands  becomes 
available  on  future  satellites. 
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Center,  Jamestown,  North  Dakota 


ABSTRACT 

Since  1968  the  Bureau  of  Sport  Fisheries  and  Wildlife  (BSF&W) 
and  the  Environniental  Research  Institute  of  Michigan  have  cooperated 
on  developing  applications  of  remote  sensing  to  the  management  of 
migratory  waterfowl.  Basically,  this  work  has  been  concerned  with 

(1)  the  assimilation  of  data  on  surface  water  conditions  so  that, 
the  data  can  be  used  as  an  index  of  annual  water fqwl  production,  and 

(2)  the  coliection  of  data  on  land  use  and  wetland  Quality  so  that  a 
measure  of  habitat  carrying  capacity  is  obtained,  io  date>  our  efforts 
have  been  directed  toward  utilizing  ERTS  to  monitor  "surface  water  con-- 
ditions.  An  example  of  a model  used  for  predicting  the  annual  pro- 
duction of  mallards  {Anas  platyrhynahos)  is  presehted.  The  ddfa  in- 
puts to  this  model  and  the  potential  for  acquiring  these  data  using 
ERTS  are  described. 
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1.  INTRODUCTION 


The  Bureau  of  Sport  Fisheries  and  Wildlife  of  the  U.  S.  Department  of 
the  Interior  is  the  government  agency  responsible  for  the  coordinated 
manageTOnt  of  migratory  waterfowl  in  accordance  with  treaties  with  Canada, 
Mexicoi  and  Japan.  Approaches  to  the  management  of  waterfowl  populations 
are  two-fold:  (1)  habitat  management  and  preservation,  and  (2)  population 

management,  including  the  establishment  and  administration  of  hunting  regula- 
tions. Management  of  habitat  implies  preservation  through  acquisition  and 
lease  arrangements,  regulation  of  land  use,  and  manipulation  or  treatment 
of  certain  features  to  enhance  habitat  quality.  In  this  context,  remote 
sensing  offers  a tool  for  monitoring  changes  in  land  use  habitat  quality 
and  for  evaluating  land  areas  for  acquisition.  On  the  other  hand,  manage- 
ment of  populations  by  the  administration  of  hunting  regulations  is  a more 
direct  approach,  has  a rapid  impact,  and  occurs  on  an  annual  basis.  In 
order  to  be  effective,  it  requires  a rapid  assimilation  of  stochastic  data. 

Annual  waterfowl  hunting  regulations  are  established  to  allow  for  a 
reasonable  level  of  harvest  by  hunters  while  Insuring  the  survival  of  an 
adequate  number  of  birds  to  sustain  a viable  breeding  population  the  follow- 
ing year.  In  order  to  establish  annual  hunting  regulations,  the  magnitude 
of  the  fall  flight  of  birds  must  be  predicted.  Figure  1 indicates  the 
stochastic  data  and  sequence  and  timing  of  events  utilized  for  this  pre- 
diction# Note  that  aside  from  input  data  to  this  model  which  are  based  on 
a direct  count  of  individual  ducks  and  broods,  nximbers  and  changes  in 
.numbers  of  ponds  are  considered.  In  particular,  Crissey  (1967)  has 
emphasized  that  there  is  a significant  correlation  between  the  abundance 
of  prairie  water  bodies  and  the  subsequent  size  of  the  North  American  duck 
population.  Note  too  that  adjustments,  based  upon  an  ecological  assessment 
of  wetland  abundance  and  quality  and  trends  associated  with  long  and  short 
term  land  use,  may  be  possible  prior  to  regulation  formulation. 

Evaluations  of  aircraft  remote  sensing  techniques  for  gathering  water- 
fowl  habitat  information  have  been  conducted  (Burge  and  Brown,  1970;  Nelson, 
et  al. , 1971;  Work  and  Thomson,  in  press).  To  date  our  ERTS  investigation 
has  been  concerned  with  identifying  and  mapping  prairie  ponds  and  lakes  (Work, 
et  al.,  1973). 


2.  BREEDING  POPULATION  AND  PRODUCTION  SURVEYS 

From  Fig.  1,  it  becomes  apparent  that  estimating  the  fall  flight  of 
waterfowl  is  critically  dependent  upon  appraisals  of  the  magnitude  of  the 
breeding  population  and  annual  production  of  young.  Of  these  two  factors, 
changes  in  production  influence  the  size  of  the  fall  flight  more  than  do 
changes  in  breeding  population  (Crissey,  1957).  Current  waterfowl  breeding 
ground  surveys  evolved  from  an  ejcperimental  survey  first  conducted  in  1947. 
Crissey  (1957),  Stewart,  et  al.,  (1958)  and  more  recently  Henny,  et  al.  (1972) 
and  Pospahala,  et  al.  (in  prep.)  discuss  the  operational  aspects  of  the  breed- 
ing ground  surveys. 
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Average  continental  distribution  of  breeding  and  wintering  ducks  is 
illustrated  in  Fig.  2*  The  wintering  range  is  widespread,  extending  beyond 
the  North  American  continent  into  parts  of  Central  and  South  America.  Most 
of  the  primairy  duck  breeding  habitat  in  North  America  is  located  in  the 
southern  portions  of  the  prairie  provinces  and  northwestern  Canada,  the 
Dakotas  and  parts  of  Alaska.  Habitat  conditions  in  these  areas  greatly 
influence  the  annual  continental  waterfowl  population. 

Estimates  of  waterfowl  breeding  population  and  production  are  obtained 
using  a dual  sampling  approacdi.  The  first  sample  consists  of  a series  of 
transects  which  are  flown  by  light  aircraft  in  May  and  July  of  each  year. 
Saiiqpling  transects  and  strata  are  illustrated  in  Fig.  3.  Strata  were  de- 
lineated on  the  basis  of  expected  waterfowl  population  density,  habitat 
type,  and  expected  variability  of  the  estimates.  Over  2.2  million  sqtxare 
kilometers  of  the  breeding  range  are  sanpled  during  each  survey.  Approxi- 
mately 53,000  transect  kilometers  are  flown  at  an  altitude  of  30  to  45 
meters.  The  survey  crew  normally  consists  of  a pilot  and  an  observer.  To- 
gether they  count  and  when  possible,  identify  ducks  by  species  over  a 400- 
meter  wide  strip  in  May  and  a 200-meter  wide  strip  in  July.  Ponds  are  counted 
over  a 200-inBter  wide  strip  in  both  May  and  July  (Henny,  et  al.,  1972, 
Pospahala,  et  al.,  in  prep.).  Each  crew  number  records  his  count  on  a tape 
recorder  and  later  the  same  day  transcribes  this  information  onto  sximmary 
sheets . 

The  second  sample  consists  of  certain  air/grotand  transects  which  serve 
to  adjust  for  biases  encountered  in  the  first  sample  (aerial  survey).  Speci- 
fically, these  biases  are  a result  of  the  inability  of  the  aerial  crew  to 
see  and  count  all  birds  present  on  the  ground,  to  identify  all  birds  with 
equal  ability,  and  to  identify  and  classify  all  wetlands.  The  results  of 
the  aerial  suarvey  plus  appropriate  corrections  are  converted  to  estimates 
of  birds  or  broods  per  square  mile  and  these  numbers  are  then  expanded 
according  to  the  number  of  square  miles  in  the  sampling  unit.  The  survey 
as  carried  out  in  May  yields  an  estimate  of  the  size  of  the  breeding  popu- 
lation. This  population  component  miast  be  reduced  by  a certain  amount  to 
account  for  normal  summer  nK)rtality  (predation,  disease,  and  accidents)  when 
estimating  the  fall  flight  (Geis,  et  al. , 1969). 


3.  PRODUCTION  MODELS 

In  estimating  that  portion  of  the  fall  flight  which  is  made  up  of  the 
current  yearTs  production,  additional  analysis  are  required;  Geis,  et  al., 
(1969)  described  a mathematical  model  (Fig.  4)  for  estimating  mallard  pro- 
duction. The  mallard  was  chosen  becaxase:  (1)  it  is  the  most  abundant  and 

widespread  waterfowl  species  in  North  America  and  is  nearly  always  killed  in 
greater  numbers  than  any  other  species  (Anderson  and  Henny,  1972);  (2)  a 
large  amount  of  ecological  data  is  available  for  the  species;  and  (3)  popula- 
tions of  several  other  dabbling  duck  species  are  affected  by  many  of  the  same 
factors  as  the  mallard. 
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The  Gels,  et  al.  prediction  model  was  developed  from  a multiple  regression 
analysis  based  upon  13  years  of  data.  Data  from  both  the  May  and  July  surveys 
are  utilized  in  this  model.  Referring  to  Fig.  4,  the  quantities,  Xi  and  X3, 
potentially  may  be  obtained  using  remote  sensing  techniques  and  automatiG  pro- 
cessing. X2  can  only  be  obtained  from  visual  observations  made  during  the  May 
survey,  while  X4  is  derived  from  visual  observations  made  in  July. 

More  recent  analyses  have  indicated  that  it  may  be  possible  to  re- 
design the  model  and  eliminate  use  of  the  brood  index  (X4^  (private  conver- 
sations 29  October  and  10  December  1973,  D.  R.  ikiderson.  Migratory  Bird  and 
Habitat  Research  Laboratory,  Bureau  of  Sport  Fisheries  and  Wildlife,  Laurel, 
Maryland),  If  this  is  possible,  greater  emphasis  will  be  placed  on  the  July 
pond  count  and  this  could  be  effectively  accomplished  using  remote  sensing 
techniques . 

Application  of  these  techniques  will  improve  the  accuracy  of  pond  counts, 
and  Other  factors  such  as  pond  area  and  perimeter  could  be  incorporated  into 
a model  which  might  further  improve  production  estimates.  The  July  survey 
usually  lasts  until  late  in  the  month;  however,  the  results  of  this  survey 
must  be  available  in  early  August  for  use  in  establishing  hunting  regula- 
tions, Automatic  processing  of  remote  sensing  data  is  appropriate  for  in- 
suring rapid  availability  of  survey  information. 


4.  SURFACE  WATER  SURVEYS  USING  ERTS  DATA 

The  current  ERTS-1  program  conducted  by  the  Bureau  of  Sport  Fisheries 
and  Wildlife  in  cooperation  with  the  Environmental  Research  Institute  of 
Michigan  is  concerned  with  mapping  surface  water  in  May  and  July.  This 
work  involved  the  adaptation  to  satellite  data  of  techniques  previously 
developed  for  use  with  aircraft  scanner  data.  Because  the  launch  date  for 
the  ERTS-1  satellite  was  delayed  until  mid-1972,  it  was  necessary  to  defer 
the  bulk  of  this  investigation  \antil  a May  and  July  sequence  of  data  was 
available  from  the  1973  season.  However,  to  test  the  feasibility  of  pond 
mapping  by  means  of  satellite  data,  July  1972  ERTS  tapes  were  processed  upon 
receipt  (Work,  et  al. , 1973).  We  are  presently  processing  a 1973  May  and 
July  sequence  of  data.  This  processing  and  the  subsequent  evaluation  will 
complete  the  next  phase  of  our  study. 

A portion  of  the  July  1972  surface  water  recognition  map  representing 
about  three  percent  of  an  ERTS  frame  is  shown  in  Fig.  5.  The  area  shown  is 
located  in  central  North  Dakota  and  includes  a portion  of  the  Missouri  Coteau 
region.  The  Coteau  is  a stagnation  moraine  area  featuring  many  small  ponds 
and  lakes  and  a non-integrated  drainage  system,  which  contains  some  of  the 
best  waterfowl  breeding  habitat  in  North  America. 

The  data  presented  in  Fig.  5 have  been  assembled  from  several  computer 
output  strips  each  having  the  standard  132-column  format.  When  generated 
with  a general  purpose  computer,  this  type  of  information  display  is  both 
time  consuming  to  assemble  and  unwieldly  to  handle  if  the  scene  is  larger 
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than  a small  fraction  of  an  ERTS  frame.  For  our  purposes,  the  dkta  has 
generally  greater  value  if  it  is  presented  in  terms  of  statistical  tables. 
Figure  6 illustrates  statistical  tabulations  for  poi^s  and  lakes  for  the 
ERTS  scene  illustrated  in  Fig.  5.  The  upper  table  itemizes  all  ponds  re- 
cognized in  a portion  of  the  scene  and  delineates  the  location  of  each  pond 
based  on  a coordinate  system  using  scan  line  and  point  numbers.  The  lati- 
tude and  longitude  of  each  water  body  is  also  listed.  It  is  also  possible 
to  list  (not  illustrated)  each  pond’s  perimeter  and  a factor  related  to 
the  complexity  of  its  shape,  A size  frequency  distribution  of  ponds  in 
the  entire  scene  is  presented  in  the  lower  tabulation  (Fig.  6).  With  these 
types  of  listings,  it  is  possible  to  obtain  separate  tabulations  by  strata. 


5.  SPATIAL  RESOLUTION  OF  THE  DATA 

Figure  7 compares  water  recognition  maps  of  ponds  and  several  smaller 
lakes  generated  from  both  satellite  and  aircraft  data.  Using  the  aircraft 
data  as  a basis  of  comparison,  it  is  apparent  that  the  satellite  data  renders 
a reasonable  facsimile  of  ponds  in  the  size  class  of  Big,  Clark,  and  tish 
Lakes,  However,  many  of  the  smaller  ponds  are  not  recognized  and  other 
ponds  and  lakes  are  not  accurately  represented  in  areal  extent.  Because 
each  ERTS  pixel  (picture  element)  is  79  x 57  meters  or  about  0.45  hectares 
(1.1  acres),  water  bodies  in  the  less  than  0.9  hectare  range  are  recognized 
only  conditionally.  This  resolution  anomaly  is  partly  a result  of  the 
sensor’s  line  scanning  and  pixel  sampling  geometry  and  the  random  occutrence 
of  surface  water  with  respect  to  the  sampled  pixel. 

Figure  8 shows  an  example  of  boundary  effect  in  the  delineation  of  pond 
margins.  The  dashes  represent  pixels  having  low  reflectance  values  which  are 
not  low  enough  to  be  classified  as  water.  Some  of  these  boundary  elements 
may  be  attributed  to  marsh  vegetation  and/or  mud  flat  margins;  both  of  these 
exhibit  low  reflectance  characteristics.  These  boundary  elements  probably 
also  contain  some  water.  This  causes  the  acreage  of  ponds  to  be  under- 
estimated because,  in  our  present  binary  selection,  we  are  classifying  pixels 
as  either  totally  water  or  not  water. 

Improvements  in  resolution  would  increase  the  accuracy  of  our  analysis. 
In  the  primary  waterfowl  breeding  range,  a majority  of  the  ponds  are  less 
than  one  acre  in  size.  Techniques  exist  which  can  detect  or  predict  the 
existence  of  smaller  ponds  and  improve  the  size  estimates  of  larger  ones. 

One  technique  has  been  proposed  by  Malila  and  Nalepka  (1973)  in  which  it  is 
possible  to  estimate  the  proportion  of  materials  contained  in  each  pixel  by 
taking  advantage  of  the  multispectral  data-gathering  capabilities  of  ERTS. 
This  permits  a more  accurate  determination  of  the  area  covered  by  each 
material.  The  technique  has  been  termed  ’’proportion  estimation”  and  is 
basically  a method  for  performing  fractional-pixel  recognition  as  contrasted 
to  whole-pixel  recognition.  Figure  9 illustrates  the  application  of  the 
Malila-Nalepka  technique  to  the  delineation  of  lakes  in  a Michigan  test  area. 
Both  whole-pixel  recognition  and  proportion  estimation  recognition  are  shown. 
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In  the  case  of  proportion  estimation,  the  density  of  the  recognition  symbol 
is  proportional  to  the  amount  of  surface  water  in  that  pixel.  For  comparison 
of  results,  an  aerial  photo  was  used  to  determine  the  actual  nuiriber  of  lakes 
and  their  cumulative  area.  The  Gomparison  indicates  that  proportion  estima^ 
tion  has  provided  more  accurate  results  than  those  available  using  the  con- 
ventional whole  pixel  recognition.  However , this  improvement  requires  more 
complex  processing  and  greater  training  time  for  the  computer. 

The  joint  use  of  satellite  and  aircraft  data  in  a properly  designed 
multistage  sampling  plan  could  improve  the  precision  of  pond  number  and  area 
estimates.  This  approach  can  be  used  independently  or  in  addition  to  the 
proportion  estimation  method.  Multistage  sampling  would  take  advantage  of 
the  detailed  information  provided  by  aircraft  sensors  in  conjunction  with  the 
synoptic  and  more  economically  obtained  satellite  data. 


6.  CONCLUSIOHS 

Waterfowl  breeding-ground  surveys  conducted  twice  each  year  by  the 
BSF&W  extend  over  a vast  region  of  the  U.  S,  and  Canada.  Data  from  these 
surveys  are  used  to  estimate  waterfowl  production  by  means  of  a mathematical 
model.  Counts  of  May  and  July  ponds  are  some  of  the  variables  used  in  this 
model.  Annual  production  estimates  are  used  to  predict  fall  flights  of 
ducks.  This  information  is  then  used  for  establishing  waterfowl  hunting  re- 
gulations. Our  work  to  date  indicates  that  satellite  remote  sensing  techniques 
hold  considerable  promise  for  the  accurate  and  rapid  assessment  of  waterfowl 
breeding  habitat,  especially  changes  in  pond  nuyoers  and  distribution.  Develop 
ment  of  an  operational  system  utilizing  satellite  sensors  as  a primary  source 
of  data  appears  to  be  a realistic  goal  for  the  future. 
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♦Obtained  from  aerial  observations  and 
adjusted  based  on  selected  ground  counts 
♦♦Obtained  from  aerial  observations  — data 
potentially  derived  using  remote  sensing 
techniques 


FIGURE  2 

AVERAGE  DISTRIBUTION  OF  NORTH  AMERICAN 

BREEDING  AND  WINTERING  DUCKS 

Courtesy  BSF&W 
U.S  Dept,  of  Interior 
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Y = 7.926  + 1.468  - 0.624X2  - 0.0283^  + 0.016  X^ 

where  Y = Predicted  number  of  mallard  young  (millions) 

X|  = July  ponds  (millicms) 

X2  = continental  mallard  breeding  population  (millions) 
Xg  = percent  of  ponds  remaining  from  May  to  July 
X^  = index  to  number  of  broods  (thousands)  unadjusted 

EXAMPLE  OF  A MODEL  FOR  PREDICTING 
ANNUAL  PRODUCTION  OF  YOUNG  MALLARDS* 

♦After  Geis,  A.  D.,  R.  K.  Martinson,  and  D.  R.  Anderson  (1969) 


FIGURE  4 
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FIGURE  6. 

EXAMPLE  OF  DIGITAL  COMPUTER  PRINTOUT  OF  POND  AND 
LAKE  STATISTICS  FOR  THE  VICINITY  OF  WOODWORTH, 
NORTH  DAKOTA  USING  ERTS-1  DATA  COLLECTED  AT 
1659  GMT  ON  31  JULY  1972 
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(a)  Processed  ERTS  Water  Recognition 
(Data  of  1659  G.M.T.,  31  July  1972) 


(b)  Processed  Aircraft  Water  Recognition  from 
4500  ft  (Data  of  1358  aM.T.,  28  July  1972) 
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FIGURE  7 

COMPARISON  OF  DETAILS  IN  ERTS-1  AND  AIRCRAFT 
RECOGNITION  MAPS  OF  PONDS  AND  LAKES  NEAR 
WOODWORTH,  NORTH  DAKOTA 
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FIGURE  8. 

EXAMPLE  OF  BOUNDARY  EFFECT  ASSOCIATED  WITH  RECOGNITION 
MAP  OF  LAKES  NEAR  WOODWORTH,  NORTH  DAKOTA  USING  ERTS-1 
DATA  COLLECTED  AT  1659  GMT  ON  31  JULY  1972 
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Map  of  Water  Bodies  Using  Map  of  Water  Bodies  Using 

Whole  Pixel  Recognition  Fractional  Pixel  Recognition 

(Proportion  Estimation) 
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FIGURE  9. 

COMPARISON  OF  PROCESSING  TECHNIQUES  FOR  ERTS  MSS  DATA 
FOR  MICHIGAN  LAKES  TEST  AREA 


1685 


BVTERPRETAHON  TECHNIQUES 


Paper  I 1 


TECHNIQUES  FOR  COMPUTER-AIDED  ANALYSIS  OF  ERTS-1  DATA,  USEFUL 
IN  GEOLOGIC,  FOREST  AND  WATEFl  RESOURCE  SURVEYS 

Roger  M.  Hoffer*  and  Staff** 


ABSTRACT 

Forestry,  geology,  and  water  resource  applications 
were  the  focus  of  this  study,  which  involved  the 
use  of  computer-implei»ented  pattem-recognition 
techniques  to  analyze  ERTS-1  data.  The  results 
have  proven  the  value  of  computer-aided  analysis 
techniques , even  in  areas  of  mountainous  terrain . 

Several  analysis  capabilities  have  been  developed 
during  these  ERTS-1  investigations.  A procedure 
to  rotate,  deskew,  and  geometrically  scale  the  MSS 
data  results  in  1:24,000  scale  printouts  that  can 
be  directly  overlayed  on  7 1/2  minute  U.S.G.S. 
topographic  maps.  Several  scales  of  computer- 
enhanced  "false  color-infrared"  composites  of  MSS 
data  can  be  obtained  from  a digital  display  unit, 
and  emphasize  the  tremendous  detail  present  in  the 
ERTS-1  data.  A grid  can  also  be  superimposed  on 
the  displayed  data  to  aid  in  specifying  areas  of 
interest,  such  as  avalanche  tracks  or  areas  of 
burned-over  timberland.  Temporal  overlays  of  six 
sets  of  data  have  allowed  both  qualitative  and 
quantitative  analysis  of  changes  in  the  areal  ex- 
tent of  the  snowpack. 

Computer-aided  analysis  of  the  data  allows  one  to 
obtain  both  cover-type  maps  and  tables  showing 
acreage  of  the  various  cover  types,  even  for  areas 
having  irregular  boundaries,  such  as  individual 
watersheds.  Spectral  analysis  of  snow  and  clouds, 
water  and  shadow  areas , and  forest  cover  of  vary- 
ing overstory  density  have  revealed  several  impor- 
tant results. 
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INTRODUCTIOM 


This  is  an  interdisciplinary  study  designed  to  test  the  applic- 
ability of  computer-aided  analysis  techniques  to  identify, 
classify,  and  map  major  cover  types  in  tiie  Colorado  Rocky  Moun- 
tains, using  multispectral  scanner  data  from  ERTS-1.  Emphasis 
has  been  placed  upon  a development  of  analysis  techniques  use- 
ful for  processing  ERTS-1  data  to  meet  geologic,  forest  and 
water  resource  applications  objectives. 

Previous  work  has  proven  the  value  of  computer-aided  analysis 
of  remote  sensor  data  using  pattern  recognition  techniques, 
but  most  of  this  work  has  been  restricted  to  areas  having 
little  topographic  relief  (1,2,3).  It  was  believed  that 
variations  in  aspect  and  slope  would  have  a significant  impact 
upon  the  spectral  response  measured  by  the  ERTS-1  scanner. 

If  computer-aided  analysis  techniques  are  to  be  utilized  on 
an  operational  basis , the  relationships  between  topographic 
relief  and  spectral  response  must  be  determined.  Therefore 

M'  ey  aspect  of  this  study  has  been  the  evaluation  of  computer- 
ed  analysis  techniques,  to  determine  their  operational 
utility  in  areas  of  mountainous  terrain,  where  so  many  of  our 
%lluable  water,  forest,  and  geologic  resources  are  located. 

Several  different  analysis  techniques  have  been  developed 
jjhich  have  allowed  more  effective  use  of  ERTS-1  data  in  the 
Various  discipline  applications  of  importance.  The  major  tech- 
" piques  developed  are  as  follows; 

, Reformat  data  to  place  a full  ERTS  frame  onto  a 
’■•i  single  data  tape. 

' . Display  system  grid  to  aid  in  location  of  the 

specific  areas  of  the  data  tapes. 

. Computer-aided  enlargement  capabilities. 

. Geometric  correction  and  scaling. 

Irregular  boundary  delineation  for  obtaining  area 
calculations . 

. Multiple  overlays  of  digital  data. 

. Merging  of  classification  results  to  show  temporal 
change . 

. Shadow  mapping  program  as  an  aid  in  data  interpretation. 
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The  following  paragraphs  will  briefly  describe  some  of  the 
more  important  of  these  analysis  techniques  that  were  developed 
and  the  manner  in  which  they  were  utilized  to  meet  the  objec- 
tives of  the  various  discipline  groups. 

DATA  REFORMATTING  AND  DISPLAY  SYSTEM  GRID 

The  original  four  data  tapes  containing  a single  frame  of  ERTS-l 
data  are  reformatted  and  the  data  is  placed  on  a single  1600 
b.p.i.  data  tape.  No  changes  are  made  in  the  radiometric  quality 
of  the  data.  This  procedure  allows  easier  and  more  convenient 
analysis  of  the  data  in  various  portions  of  a single  frame. 

After  reformatting,  the  usual  procedure  has  been  to  go  through 
an  enhancement  sequence  in  which  individual  channels  of  ERTS 
data  are  displayed  on  the  LARS  digital  display  unit  and  photo- 
graphed through  appropriate  filters  to  produce  a false  color- 
infrared  composite  image  of  the  frame  or  portion  of  the  frame 
of  interest.  To  assist  in  defining  the  location  on  the  data 
tape  of  a particular  area  of  interest,  a procedure  was  developed 
to  superimpose  an  X-Y  grid  on  the  data  being  displayed.  Such 
a grid  can  have  any  desired  degree  of  detail,  since  every  Nth 
line  and  Mth  column  of  the  investigator’s  choosing  can  be  dis- 
played. For  excunple,  if  the  entire  frame  were  being  displayed, 
usually  a grid  of  every  200  lines  and  200  columns  would  be 
superimposed  on  this  data,  as  shown  in  Figures  1 S 2,  On 
enlargements  of  the  ERTS  data  a much  finer  grid  system  could 
be  utilized,  as  for  example,  every  20th  line  and  column.  In 
some  cases,  a one  square  mile  grid  has  been  found  to  be  ex- 
tremely useful.  Similarly,  one  could  superimpose  a latitude 
and  longitude  grid  onto  the  data,  if  this  were  more  convenient 
for  the  investigator, 

COMPUTER-AIDED  ENLARGEMENT  OF  DIGITAL  DATA 

One  data  processing  capability  that  has  proven  to  be  of  particu- 
lar importance  in  our  investigations  involves  use  of  the  digital 
data  tapes  to  display  data  at  enlarged  scales.  Since  the  digi- 
tal display  unit  has  the  capability  of  displaying  about  800 
pixels  per  line  and  500  lines  of  data,  to  fit  an  entire  ERTS 
frame  on  the  screen  requires  that  only  5th  line  and  5th  column 
initially  be  displayed.  An  example  of  this  was  shown  in 
Figure  1.  Then,  by  starting  with  a certain  line  and  column 
number  of  the  users  choice,  one  can  display  a subset  of  the 
entire  frame  of  data  for  example,  every  third  line  and  column, 
or  every  line  and  column  as  shown  in  Figures  3 S 4.  The  next 
step  in  enlarging  a designated  area  would  involve  displaying 
every  ERTS  resolution  element  as  two  pixel  elements  along  each 
line  of  data  displayed,  and  repeating  the  display  of  that  line 
of  data.  In  effect,  this  causes  every  ERTS  resolution  element 
to  be  displayed  as  four  pixel  elements  on  the  display  unit. 

This  results  in  a considerable  enlargement  of  the  ERTS  data. 
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as  shown  in  Figure  5.  One  can  also  go  to  16  pixel  elements 
per  resolution  element  but  at  this  scale  the  data  becomes 
somewhat  blocky  in  appearance,  as  seen  in  Figure  6. 

We  have  found  that  by  enlarging  the  ERTS  data  with  these 
digital  techniques,  a large  amount  of  detail  can  be  seen  in 
the  ERTS  data.  In  many  cases  this  detail  cannot  be  seen  on 
the  original  ERTS  imagery  or  even  on  1:250,000  scale  photo- 
graphic enlargements  of  the  original  imagery.  It  is  our 
belief  that  by  using  the  digital  computer  to  display  individual 
resolution  elements  of  ERTS  data,  one  can  obtain  a great  deal 
more  information  than  would  be  possible  through  noinnal  optical 
enlargements  of  the  original  imagery.  There  is  a tremendous 
cunount  of  detail  present  in  the  ERTS  data  that  is  not  evident 
£uid  will  simply  be  missed  if  one  is  limited  to  working  with 
the  1:1,000.,000  scale  imagery  format.  This  fact  has  had  a 
significant  impact  on  many  of  our  studies.  In  developing 
materials  to  use  in  working  with  the  U.S.  Forest  Service  and 
various  state  and  county  land  use  agencies , we  could  display 
the  ERTS  data  at  scales  large  enough  to  show  forest  burned 
areas  and  avalanche  tracks  CFigure  7 ) , Location  and  delinea- 
tion of  such  avalanche  tracks  is  of  great  importance  in  land 
use  planning  activities  in  these  mountain  areas,  because  6f 
the  number  of  houses  being  built  in  and  near  the  bottom  of 
these  highly  hazardous  areas. 

GEOMETRIC  CORRECTION  AND  SCALING 

A particularly  significant  procedure  to  allow  effective 
analysis  of  the  ERTS-1  data  involves  the  geometric  correction 
amd  scaling  of  the  MSS  data.  This  program  involves  five  steps, 
in  which  a 1200  line  by  1200  column  block  of  data  is  rotated, 
deskewed,  and  rescaled  to  the  users’  specifications  (4).  Use 
of  the  system  corrected  data  tapes  allows  these  geometric 
correction  steps  to  be  done  without  loss  in  radiometric  quality 
of  the  data.  The  only  input  required  for  this  prograun,  along 
with  the  reformatted  data  tape,  is  the  latitude  and  longitude 
of  the  center  point  of  the  data  frame  involved.  The  usual  out- 
put is  a geometrically  corrected  data  tape  which,  if  every 
line  and  column  are  displayed  on  the  line  printer,  allows  one  to 
obtain  a 1:24,000  scale  gray  scale  printout,  oriented  with 
north  at  the  top.  Use  of  this  scale  allows  the  analyst  to 
overlay  the  printout  directly  on  7 1/2  minute  U.S.  Geological 
Survey  topographic  maps,  or  other  1:24,000  scale  maps  and  images. 
This  has  proven  to  be  extremely  beneficial  in  helping  the  investi- 
gator locate  particular,  small  features  of  interest,  or  to  define 
known  boundary  lines  (sudh  as  roads)  that  may  not  be  particularly 
obvious  on  the  ERTS  data.  In  our  studies,  we  found  that  proper 
evaluation  of  our  forest  cover  classification  results  from  the 
ERTS  data  would  have  been  nearly  impossible  without  the  use  of 
geometrically  corrected  and  scaled  data.  This  was  due  to  the 
great  difficulty  experienced  in  reliably  locating  particular 
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stands  of  forest  cover  on  the  uncorrected  ERTS  data. 

Figure  8 shows  a portion  of  an  uncorrected  computer  printout  in 
which  the  Vallecito  study  area  has  been  outiined.  The  U.S. 
topographic  maps  of  this  1 1/2  quadrangle  study  area  were  over- 
layed  by  an  acetate  sheet  and  many  of  the  features  which  could 
be  easily  delineated  on  the  map  and  could  also  be  seen  on  the 
gray  scale  printouts  of  ERTS  imageiy  were  defined  (Figure  9), 

Next,  the  data  was  put  through  the  geometric  correction  and 
scaling  routine  and  a gray  scale  printout  of  this  study  area 
was  produced.  The  acetate  overlay  obtained  from  the  topographic 
map  was  then  overlayed  on  the  computer  printout  and  the  high 
degree  of  accuracy  of  the  geometric  correction  and  scaling 
procedure  can  be  shown  (Figure  10).  All  of  the  features  pre- 
viously delineated  from  the  topographic  map  are  clearly  defined 
in  the  same  positions  on  the  printout  of  the  ERTS  data, 

APPLICATION  0F  ANALYSIS  TECHNIQUES  TO  COVER  TYPE  MAPPING 

As  indicated  previously,  many  of  the  analysis  techniques  were 
developed  in  order  to  satisfactorily  carry  out  our  analysis  of 
ERTS-1  data.  One  of  the  major  thrusts  of  the  investigation 
involved  ecological  inventory,  with  emphasis  on  forest  cover 
type  mapping.  Discussions  with  U.S.  Forest  Service  personnel 
indicated  as  immediate  need  for  general  cover  type  mapping 
(Level  1)  as  shown  on  Table  1,  and  also  the  need  for  maps  of 
various  forest  types  (Level  2 of  Table  1) . The  Forest  Service 
also  indicated  that  many  of  their  planning  activities  require 
various  levels  of  detail,  much  Of  which  could  largely  be  met 
by  maps  showing  the  Level  1 and  Level  2 cover  types.  Several 
other  groups  also  indicated  a similar  need  for  vegetative  cover 
type  maps.  These  included  the  National  Park  Service  (who  needs 
such  information  for  long  range  planning  and  for  evaluating 
and  aiding  in  policy  decisions  on  the  use  of  lands  under  their 
jurisdiction),  the  Bureau  of  Land  Management  (who  are  particu- 
larly interested  in  an  inventory  of  vegetative  cover  types 
and  present  land  use,  and  were  also  interested  in  lands  having 
potential  for  oil  shale  development) , the  Division  of  Wildlife 
for  the  Colorado  State  Government,  and  several  land  use  planning 
groups . 

Computer-Aided  Analysis  Results 

Based  upon  input  provided  by  the  various  user  agencies , concern- 
ing vegetative  cover  type  mapping,  we  have  emphasized  determina- 
tion of  the  accuracy  and  reliability  fpr  using  computer-aided 
analysis  techniques  to  map  cover  types  defined  by  Level  1 and 
Level  2 categories. 

Much  of  the  analysis  has  involved  a four  quadrangle  area  around 
Lemon  and  Vallecito  Reservoirs  in  the  San  Juan  Test  Site, 

Detailed  cover  type  maps  were  prepared,  using  the  WB-57  photography 
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provided  by  NASA.  Field  crews  then  selected  168  test  areas  to 
use  in  assessing  the  accuracy  of  the  classification  results 
and  for  studying  slope-aspect-stand  density  relationships. 
Classification  results  indicated  that  in  spite  of  very  distinct 
variations  in  spectral  response  due  to  the  effects  of  slope, 
aspect,  and  differences  in  density  of  the  forest  stands,  the 
various  Level  1 categories  of  cover  type  could  be  identified 
to  better  than  80%  accuracy  in  most  cases.  The  exception  to 
this  was  the  non-agricultural  land,  which  includes  meadows 
and  tundra  lands.  These  were  classified  as  forest  cover  in 
many  cases.  Classification  results  for  the  test  fields  de- 
fined within  the  four  quadrangle  study  area  are  shown  in 
Table  2.  These  test  field  results  are  a means  to  quantita- 
tively indicate  the  classification  accuracy  obtained  over  the 
entire  study  area. 

Classification  to  the  Level  2 degree  of  refinement  has  shown 
many  variations  in  spectral  response  among  the  coniferous 
forest  cover  groups  because  of  the  effects  of  varying  slope, 
aspect,  and  density  of  the  forest  stands.  There  appears  to  be 
a high  degree  of  correlation  between  aspect,  slope,  and  density 
in  the  spectral  response.  The  interrelationships  between  these 
factors  are  still  being  studied.  It  appears  that  models  will 
have  to  be  developed  to  take  such  interrelationships  into 
account  before  accurate  classification  can  be  obtained  for  the 
Level  2 categories  of  coniferous  forest  cover. 


ANALYSIS  TECHNIQUES  APPLIED  TO  SNOW  MAPPING  AND  WATER 
RESOURCE  SURVEYS 

Computer-aided  analysis  of  ERTS-1  data  involving  water  resource 
applications  has  involved  several  studies  including  the  following 

• Mapping  and  tabulating  the  areal  extent  of  snow 
cover 

• Overlaying  multiple  passes  of  ERTS  data  and  mapping 
and  tabulating  the  temporal  change  in  snow  cover 

• Assessing  the  capabilities  to  spectrally  differentiate 
snow  from  clouds  using  ERTS-1  data 

• Studying  and  characterizing  the  reliability  of  mapping 
surface  water  distribution,  given  the  spatial  char- 
acteristics of  ERTS-1  data 

• Studying  the  temporal  aspects  of  freezing  and  thawing 
of  mountain  lakes. 
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Snow-Cloud  Separability 

Interpretation  and  analysis  of  many  data  sets  have  indicated 
that  the  detectors  on  the  ERTS-1  satellite  system  tend  to 
saturate  when  the  scanner  is  looking  at  either  show  or  clouds. 
Therefore,  one  cannot  reliably  separate  these  two  cover  types 
using  the  'dynamic  range  and  spectral  characteristics  avail- 
able in  ERTS-1  data,  (preliminary  work  with  SKYLAB  data  does 
indicate  that  these  materials  can  be  easily  differentiated 
in  the  middle  infrared  wavelengths,  including  1,55  - 1.75 
micrometers . ) 

To  quantitatively  illustrate  the  inability  to  separate  clouds 
from  snow,  several  areas  of  cloud  cover  and  snow  cover  were 
defined  on  a small  portion  of  one  data  set,  as  shown  in  Figure  11, 
and  the  spectral  characteristics  of  these  areas  were  summarized 
using  the  statistics  processor  of  the  LARSYS  programs.  Table 
3 shows  the  mean  plus  or  minus  one  standard  deviation  for 
several  areas  which  are  identified  as  cloud  cover  and  several 
areas  identified  as  snow  cover  on  each  of  three  different  dates, 

A relative  response  level  of  128  indicates  saturation  level 
for  Channels  4,  5 and  6 of  ERTS  data  and  a relative  response 
level  of  64  indicates  saturation  in  Channel  7,  As  can  be 
seen  from  Figure  12,  both  snow  and  clouds  tend  to  saturate 
all  four  detectors  on  two  of  the  dates  examined  and  approach 
the  saturation  level  for  the  third  date.  Thus,  the  areal 
extent  of  snow  cover  cannot  be  reliably  determined  with  ERTS-1 
data  sets  in  which  moderate  amounts  of  cloud  cover  is  present. 

In  many  cases,  clouds  can  be  identified  by  their  shadow  effects, 
but  this  does  not  appear  to  be  a reliable  technique. 

Digital  Data  Overlay  To  Map  And  Assess  temporal  Changes  in 
Snow  Cover 


Utilizing  cloud-free  data  sets , we  made  use  of  our  computer- 
aided  analysis  techniques  to  map  and  tabulate  acreages  of 
snow  cover  in  the  San  Juan  Test  Site  area.  Six  different  data 
sets  were  involved  in  this  study,  as  indicated  in  Table  4. 

These  data  sets  were  digitally  overlaid  to  produce  a single 
data  tape  containing  24  channels  of  data  (four  channels  from 
each  of  the  six  data  sets  involved),  A program  was  then 
developed  to  allow  the  snow  cover  changes  from  one  date  to 
the  next  to  be  mapped.  The  output  was  in  the.  fom  of  a color- 
coded  image,  indicating  areas  in  which  snow  is  present  on  both 
data  sets,  areas  in  which  snow  was  not  present  on  either  data 
set,  and  areas  of  change  from  non-snow  to  snow,  and  from  snow 
to  non-snow. 

Next,  a program  was  developed  to  allow  delineation  of  an 
irregular  boundary,  such  as  an  individual  watershed,  on  the 
ERTS  data.  The  Apimas  Watershed  near  Howards ville , Colorado 
was  utilized  in  this  phase  of  the  study.  Initially  the  boundary 
was  defined  using  U.S,  topographic  maps.  By  overlaying  the 
1:24,000  scale  computer  printouts  of  ERTS  data  directly  on  the 
map,  the  same  boundary  was  defined  as  a series  of  X-Y  coordinates 
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for  the  ERTS  data.  Using  an  average  figure  of  ,453  hectares 
(1.12  acres)  per  ERTS  resolution  element,  the  total  area 
within  the  watershed  was  calculated  to  be  14,706  hectares 
(36,311  acres).  This  can  be  compared  to  the  acreage  figure 
of  35,776  acres  which  was  published  in  the  U.S.  Geological 
Survey  literature.  The  error  of  1.5%  between  these  two 
figur'es  could  be  attributed  to  many  different  sources,  the 
most  probable  ones  being  error  in  the  average  area  figure 
utilized  for  each  ERTS  resolution  element  or  a human  error 
in  defining  the  watershed  boundaries  of  the  ERTS  data. 

Areal  calculations  for  the  amount  of  snow  cover  within  the 
Animas  Watershed  on  each  of  the  six  dates  involved  in  the 
study  indicated  that  some  of  the  early  fall  snows  had  re- 
sulted in  a broad,  shallow  snow  cover  which  then  partially 
melted  during  the  late  fall  before  the  major  snowpack  build- 
up throughout  the  winter  months.  By  18  May  1973,  only  19% 
of  the  area  was  still  snow  covered  and  the  following  ERTS 
pass  on  the  5th  of  June  indicated  only  12  1/2%  snow  cover  in 
the  Animas  Watershed.  Unfortunately,  key  data  sets  in  March 
and  April  were  not  useable  because  of  the  cloud  cover.  It 
does  appear,  however,  that  reasonably  reliable  techniques 
have  been  developed  and  are  available  to  provide  much  of  the 
information  needed  by  the  several  agencies  involved  in  moni- 
toring and  predicting  water  yield  from  the  snowpack  in  the 
upper  mountain  watershed  areas. 

GEOLOGIC  ANALYSIS  AND  INTERPRETATION  OF  ERTS-1  DATA 

In  the  geologic  and  geomorphic  studies,  results  have  indicated 
a close  correlation  between  the  surface  cover  of  vegetation 
and  the  geomorphologic  characteristics  of  the  area,  as  was 
expected.  Thus,  use  of  computer-aided  analysis  techniques  to 
map  the  surface  vegetative  features  can  be  followed  by  manual 
interpretation  of  the  data  by  qualified  geomorphologists  to 
produce  useful  geomorphologic  maps  of  the  area.  Manual  inter- 
pretation of  much  of  this  data  is  required  in  order  to  effec- 
tively take  into  account  the  spatial  characteristics  of  the 
data,  since  our  current  computer-aided  analysis  techniques  are 
primarily  involved  with  the  spectral  features  of  the  data. 

In  one  of  the  most  exciting  potential  applications  of  this 
combination  of  manual  and  machine-aided  analysis  techniques,  a 
study  was  made  to  define  areas  of  primary  interest  for  further, 
more  detailed  geologic  exploration  for  mineral  deposits  (5). 

In  this  study,  the  computer  is  used  to  produce  enhanced  large 
scale  infrared  composites  from  the  ERTS-1  data  tapes.  Three 
geologists  then  used  manual  interpretation  techniques  to  define 
all  lineaments  that  could  be  discerned  in  the  data.  Comparison 
of  these  results  produced  a single  lineaunent  map  showing  only 
those  lineaunents  that  all  three  analysts  had  mapped  (Figure  13). 
A grid  was  then  superimposed  upon  this  map  and  the  number  of 
lineament  intersections  within  each  cell  of  the  grid  were 
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tabulated  and  an  iso-lineament  intersection  map  was  developed. 

Known  mineral  deposits  were  plotted  upon  the  iso«lineament 
map  (Figure  14).  A good  relationship  was  observed  between 
the  location  of  a large  number  of  lineament  intersections  and 
the  known  mineral  deposits . One  particular  area  of  interest 
showed  a large  number  of  lineament  intersections  where  mineral 
deposits  were  not  known  to  exist.  Field  work  by  the  geologists 
involved  indicated  that  this  did  appear  to  be  an  area  of  high 
potential  for  further  geologic  exploration . It  was  later 
found  that  another  team  of  geologists , using  conventional  tech- 
niques , had  also  defined  this  same  area  as  one  of  extremely 
good  potential  for  more  detailed  geologic  exploration . Additionally , 
a mineral  exploration  company  had  already  made  plans  to  do  more 
detailed  study  of  this  particular  area,  because  of  their  belief 
that  the  area  defined  in  our  study  of  ERTS  data  is  one  of  high 
geologic  potential . 

It  would  thus  appear  that  the  use  of  this  relatively  simple 
technique  could  offer  tremendous  geologic  potentials  for 
defining  areas  of  interest  for  more  intensive  conventional  geo- 
logic exploration. 

SUMMARY  AND  CONCLUSIONS 

In  summary , several  different  analysis  techniques  have  been 
developed  to  allow  for  more  effective  utilization  of  ERTS-1 
data  and  computer-aided  analysis  techniques . The  analysis  of 
ERTS-1  data  has  been  directed  toward  geologic , forest  and  water 
resource  applications,  in  accordance  with  the  needs  of  several 
user  agencies.  Contact  has  been  established  with  many  different 
user  agencies  and,  as  appropriate  ERTS-1  analysis  results  are 
generated,  these  materials  are  being  utilized  as  a basis  for 
further  discussions  on  the  potential  application  of  ERTS-1 
data  to  meet  particular  user  agency  needs . Of  particular 
interest  are  the  contacts  that  have  been  established  with  the 
following  agencies : 

• U.  S.  Forest  Service 

• National  Park  Service 

• Bureau  of  Land  Management 

• Several  Colorado  state  governmental  groups 

• Several  state  and  county  land  use  planning 
groups . 

In  many  cases , use  of  computer-aided  techniques  to  enhance  and 
enlarge  ERTS-1  data  is  of  particular  interest  (e.g.  imagery 
showing  avalanche  tracks  such  as  shown  in  Figure  7,  forest  burn 
areas , areas  of  timber  clearcutting , and  many  other  land  use 
changes ) . In  many  other  cases , the  ability  to  tabulate  the 
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areal  extent  of  certain  features  which  cein  be  defined  and 
papped  on  the  ERTS  imagery  is  of  most  value  to  the  user  agency- 
fhe  ability  to  overlay  multiple  data  sets  is  of  particular 
value  for  mapping  and  tabulating  temporal  changes  of  various 
surface  conditions . The  results  obtained  thus  far  during  this 
ipvostigation  have  proven  the  value  of  computer-aided  analysis 
techniques , even  in  areas  of  mountainous  terrain . Although 
tentative,  many  of  these  conclusions  can  be  summarized  as 
follows: 


• Reasonable  accuracy  (80-90% ) can  be  achieved  in 
areas  of  rugged  relief  for  Level  1 cover  type  or 
land  use  classification , using  machine-aided 
analysis  techniques . 

• In  mountainous  areas , spectral  response  of  Level  2 
forest  cover  types  is  significantly  influenced  by 
variations  in  stand  density,  aspect , and  slope  as 
well  as  differences  between  species. 

9 Snow  cover  and  clouds  cannot  be  reliably  differen- 
tiated on  a spectral  basis  in  ERTS-1  data,  due  to 
detector  saturation  and  available  spectral  range. 

f Similar  spectral  response  is  found  for  many  water 
bodies , terrain  shadow  areas,  and  cloud  shadow 
areas,  thereby  making  spectral  differentiation 
difficult,  particularly  in  the  infrared  wavelengths . 

• Computep-aided  analysis  techniques  are  very  effec- 
tive for  determinations  of  area  and  temporal  varia- 
tions of  snow  cover,  over  entire  regions  or  indivi- 
dual watersheds . 

• Geomorphological  features  can  be  effectively  mapped 
with  ERTS  data  through  the  use  of  a combination  of 
computer-aided  and  memual  interpretation  techniques, 
and  also  utilizing  knowledge  of  the  vegetative 
preferences  for  certain  parent  materials,  slopes, 
and  aspects. 

• Delineation  of  geologic  lineaments  and  domal  features 
can  be  done  very  effectively  with  ERTS  data  due  to 
the  synoptic  view,  even  in  heavily  vegetated  areas, 
and  offers  economic  potential  for  mineral  resource 
exploration. 

• Analysis  of  ERTS-1  data  could  not  have  progressed 
satisfactorily  without  the  development  of  geometric 
correction  and  other  data  handling  and  analysis 
techniques . 
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Table  1.  Cover  Type  Categories  Utilized  in  Coinputer-Aided  Analysis 
of  ERTS-1  Data  in  the  San  Juan  Mountain  Test  Site. 


General 

Level  1 

Level  2 

FOREST 

Conifer 

P inyon - Juniper 
Ponderosa  Pine 
Douglas  and  White  Fir 
Spruce- Fir 
Kruminholtz 

Colorado  Blue  Spruce 

Deciduous -Conifer 

Douglas  and  White  Fir 
Ponderosa  Pine , and  A 

Deciduous 

Cottonwood- Willow 

Alpine  Shrub 

Oak- Shrub 

Oak 

Aspen 

HERBACEOUS 

Agricultural 

Cultivated  Crops 
Cultivated  Pasture 
Pasture 

Non- Agricultural 

Meadow 
Tundra 
Wet  Meadow 

NON-VEGETATED 

Rock  and  Soil 

Exposed  Rock 
Exposed  Soil 

Shadow 

Ridge  Shadow 
Cloud  Shadow 

Water 

Clear 

Turbid 

Snow 

Snow  Only 
Snow- Forest  Mix 

Cloud 

Cloud 

Urban 

Urban 
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Table  2.  Test  Class  Performance  for  Four  Quadrangle 
Test  Site  in  San  Juan  Mountains. 
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Table  3.  Comparison  of  Spectral  Response  of  Clouds 
and  Snow  Using  ERTS-1  Data. 


Channel 


4 

5 

6 

7 

fO. 5-0. 6 um) 

(0.6-0. 7um) 

(0, 7-0 . 8ym) 

(0.8-l.lym) 

Clouds 

126.6  +2.5^ 

126.2  +2.8 

118.2  + 6.8 

55 . 6 

+ 6.7 

Snow 

125.4  + 5.2 

125.0  + 5.6 

116.2  + 10.2 

51.2 

1 9.0 

1 - 

^Numbers  indicate  mean  relative  response  + 1 standard  deviation 
using  a combination  of  approximately  3000  data  resolution 
elements,  representing  several  areas  of  clouds  and  snow  on 
each  of  these  dates  (1  Nov.  '72,  6 Dec  '72,  and  18  May  ’73). 
Saturation  level  is  128  for  Channels  4,  5,  and  6,  and  is  64 
for  Channel  7. 


Table  4.  Snow  Area  Calculations  for  the  Animas  Watershed 
near  Howardsville , Colorado 


Date  of  ERTS-1 
Data  Utilized 

Hectares  ( Acres ) 
of  Snow  Cover 
Within  the  Watershed‘s 

Percentage  of 
Watershed  Covered 
by  Snow 

1 Nov.  1972 

11,193 

(27,636) 

76.1% 

19  Nov.  1972 

10,040 

(24,791) 

68.3% 

12  Jan.  1973 

9,206 

(22,731) 

62.6% 

30  Jan.  1973 

10,027 

(24,757) 

68.1% 

18  May  1973 

12,876 

(31,771) 

87.5% 

5 Jun.  1973 

11,911 

(29,411) 

81.0% 

— ^Total  area  of  Animas  Watershed  = 14,695  hectares  (36,611  acres), 
based  on  ERTS-1  data  calculations,  and  14,478  hectares 
(35,776  acres)  reported  by  U.S.6.S.,  indicating  a difference 
of  only  1.5%. 
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Figure  3.  A portion  of  the  data  shown  in  Figure  1 has  been 
enlarged  by  using  every  third  line  and  column  of  data.  The 
scale  lines  indicates  a 100  kilometer  distance,  giving  a 
horizontal  scale  to  this  illustration  of  1:800,000.  Further 
enlargement  is  shown  in  Figures  4,  5,  and  6. 


Figure  4.  Further  enlargement  of  the  data  displayed  in  Figures 
1 and  3 shows  Valleeito  Reserovir  and  the  surrounding  area  in 
more  detail.  Every  line  and  column  of  data  is  displayed.  The 
scale  lines  here  represent  only  a 10  kilometer  distance. 
Horizontal  scale  of  this  illustration  is  approximately  1:300,000. 


1702 


Figure  7.  Enhanced  color  infrared  composite  of  ERTS-1  imagery 
from  the  LARS  digital  display  unit,  showing  avalanche  track 
locations.  The  scale  of  this  illustration  is  approximately 
1:150,000.  This  data  was  obtained  on  September  8,  1972. 
Similar  enlargements  have  allowed  forest  dear-cuts  and  burned 
areas  to  be  delineated.  Such  computer-aided  enhancement  and 
enlargement  capabilities  offer  many  advantages  for  effective 
utilization  of  ERTS  data  in  various  application  areas. 
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Figure  10.  Geometrically 
corrected  and  scaled  computer 
printouts  of  ERTS-1  data  of  the 
Vallecito  study  area.  The  scale 
of  this  printout  is  1:24,000. 

The  acetate  overlay  made  from 
the  U.S.G.S.  topo  map  was 
superimposed  on  the  computer 
printout,  allowing  one  to 
verify  the  accuracy  of  the 
geometric  correction  and 
scaling  process. 


Figure  9.  U.S.  Geological 
Survey  topographic  maps  of  the 
Vallecito  study  area . Dominant 
features  which  could  be  easily 
delineated  on  both  the  topo 
ataps  and  the  ERTS  data  were 
delineated  on  an  acetate  overlay. 
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Figure  11.  Color  infrared  composite  of  ERTS  data  from  the 
Higltir^isplay  unit,  with  snow  and  cloud  areas  delineated. 

The  four  rectangular  areas  on  the  left  designate  snow  cover, 
while  the  four  areas  on  the  right  are  cloud  cover.  Comparisons 
of  the  spectral  response  are  shown  in  Figure  12 . 


LEGEND 

Spectral  Bonds  •—CLOUDS  >i>-SNOW 


RELATIVE  RADIANCE  VALUES 


Figure  12.  Spectral  comparison  of  clouds  and  snow  using  ERTS-l 
data  from  three  different  dates.  Saturation  level  was  leached 
in  nearly  all  data  sets  and  the  similarity  of  response  indicates 
lack  of  spectral  separability  between  these  two  cover  types. 
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Figure  13.  Computer  enhanced  color  infrared  composite  of 
kl^TS  data  with  lineaments  mapped  by  all  three  geologists 
analyzing  this  data  set.  A grid  was  superimposed  upon  this 
map  and  lineament  intersections  were  tabulated  for  each  cell 
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MULTISPECTRAL  COMBINATION  AND  DISPLAY  OF  ERTS-1  DATA 

Vidal  Raphael  Algazi,  Department  of  Electrical  Engineering,  University  ofCaiifomia,  Davis,  California  95616 


ABSTRACT 

Standard  NASA  color  composites  combine  the  most  relevant  3 bands 
from  the  4 MSS  bands  available.  An  alternate  approach  is  to 
extract  the  principal  components  of  the  data  by  a linear  trans- 
formation of  the  4 bands.  This  approach  leads  to  a low  dimension- 
ality representation  of  ERTS-1  data  with  the  least  degradation,  in 
the  mean  square  sense,  of  the  radiometric  accuracy.  The  technique 
has  been  applied  with  success  to  ERTS-1  MSS  data  for  several  geo- 
graphic areas  in  California.  For  all  examples  considered  the  mean 
square  representation  error  is  less  than  one  percent.  By  combining 
this  dimensionality  reduction  which  our  previous  results  on  image 
enhancement  for  visual  display,  color  composites  are  obtained  which 
contain  and  display  most  of  the  information  provided  by  the  ERTS-1 
sensors . 

INTRODUCTION 

A significant  problem  in  the  use  of  ERTS-1  data  is  the  extraction  of  informa- 
tion pertinent  to  each  application  and  the  presentation  of  that  information 
in  a form  most  suitable  to  users. 

When  the  information  is  to  be  displayed  for  visual  study  by  an  observer, 
then  the  problem  can  be  reduced  to  two  independent  steps: 

1.  Dimensionality  reduction,  an  objective  procedure  which  attempts 
to  preserve  most  of  the  ERTS-1  information  in  a smaller  number  of 
components . 

2.  Display  of  the  reduced  number  of  components  for  "optimum"  visibility 
by  an  observer. 

A specific  dimensionality  reduction  technique  has  been  applied  to  ERTS-1  data 
for  several  geographical  areas  in  California  and  distinct  types  of  Earth  Re- 
sources. 

In  the  display  of  the  reduced  number  of  components,  consideration  has  to  be 
given  to  properties  of  the  human  visual  system  and  the  statistics  of  the  data 
to  be  displayed.  Our  previous  work  on  digital  image  enhancement  (1)  is  applied 
to  this  problem  to  generate  color  composite  which  contain  and  display  most  of 
the  information  provided  by  the  ERTS-l  sensors. 

MULTISPECTRAL  DATA  COMBINATION:  PRINCIPAL  COMPONENTS  ANALYSIS  AND  DIMENSION- 

ALITY REDUCTION 

The  motivation  for  extracting  the  most  significant  three  spectral  components 
from  the  4 spectral  MMSS  bands  of  ERTS-1  is  that  the  space  used  for  display, 
the  perceptual  space,  has  only  3 dimensions  corresponding  to  the  3 primary  colors. 
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Generally,  the  problem  of  processing  and  display  of  multispectral  data  is 
to  map  a set  of  N spectral  components  {Ij^}  into  a 3 dimensional  perceptual 

space.  A common  approach  is  to  choose  the  "best"  three  Ij^'s  out  of  N. 

Another  approach,  described  briefly  here,  is  to  apply  a set  of  invertible 
transformations  to  the  multispectral  data  and  then  to  choose  the  best  subset 
of  transformed  components. 

Let  V be  the  set  of  transformed  spectral  components. 

We  write 


I - [A]r 


(1) 


in  which  [A]  is  an  NxN  matrix,  corresponding  to  a linear  transformation  of 
into  X-  The  columns  of  [A]  are  taken  to  be  orthonormal  vectors. 

Assume  that  L<N  components  of  V are  used  and  the  others  discarded.  By  entering 
N-L  zero  components  into  we  form  a new  vector  I"  which  generates  by  (1) 


I ^ CA]t''  (2) 

fy*  1 is  an  approximation  to  X-  The  goodness  of  the  approximation  is  measured  in 
a mean-square  sense. 


I’i  *■ 


\ = ECl  Ii-  il  l^i  = E[S(I|^  - (3) 

k 

for  a given  L,  a question  of  interest  is  the  optimum  choice  of  the  set  of 
transformed  components  X'  and  therefore  of  the  transformation  matrix  [A], 

The  solution  to  this  problem  for  the  criterion  of  (3)  is  known  as  the  decomposition 
into  principal  components  or  as  the  Karhunen-Loeve  representation  of  X»  reported 
in  the  literature.  Let  [p]  be  the  covariance  matrix  of  the  data,  then  the  vec- 
tors k=l , . ..N  columns  of  the  matrix  A are  obtained  by  solving  the  matrix 
equatTon 


(4) 


in  which  the  X^'s  are  positive  numbers,  also  to  be  determined.  Equation  4 is 
the  formulation  of  a classical  mathematical  problem  with  known  solution.  The 
Xj^'s  and  e|^'s  are  denoted  eigenvalues  and  eigenvectors  of  matrix  [p]  respectively. 


Once  the  Xj^'s  and  the  e^'s  are  obtained,  the  transformed  vector  X*  is 
obtained  by  the  matrix  operation 


(5) 
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From  r , one  obtains  X back  by  (1)  since 


[A]^[A]  = [I] 


(6) 


in  which  [I]  is  the  identity  matrix. 

The  mean-square  error  approximation  of  equation  (3)  is  expressed  easily  in 
terms  of  the  \'s.  It  can  be  shown  that 


Cl  = ECSd,^  - I|^)2)  = E X 


k=1 


(7) 


Since  X is  obtained  by  retaining  only  L of  N transformed  components  ni).  one 
can  readily  determine,  from  the  X^'s,  the  mean-square  error  incurred  by  dis- 
carding N-L  components. 

Note  that  the  choice  of  the  transformation  matrix  [A]  and  the  resulting  mean- 
square  error  (7)  are  dependent  on  the  covariance  matrix  [y]  and  thus  on  the  data 
used  in  the  estimation  of  [y].  In  the  case  of  ERTS-1  data  we  expect  significant 
variations  in  the  covariance  matrix  with  the  type  of  natural  resource  and  the 
seasons. 


APPLICATION  TO  ERTS-1  DATA  * 

We  have  applied  the  approach  just  outlined  to  ERTS-1  data,  and  the  results  are 
interesting,  both  in  terms  of  the  small  mean-square  error  caused  by  the  dimen- 
sionality reduction,  as  well  as  for  the  examples  of  enhanced  images  we  have 
obtained. 

We  examined  the  mean-square  error  introduced  by  a dimensionality  reduction  for 
3 areas  of  California:  The  Buck  Lake  region,  a wildland  area;  the  farmland  south 

of  Isleton;  the  East  Bay  cities  which  include  part  of  San  Francisco  Bay  and  some 
woodlands.  Two  questions  of  interest  are:  What  is  the  percent  mean-square  error 

introduced  by  a dimensionality  reduction?  What  are  the  corresponding  eigenvectors 
and  thus  corresponding  spectral  combination  used? 

The  answer  to  these  questions  can  be  obtained  from  the  Tables  1,  2 and  for  two  of 
the  3 geographic  areas. 

The  normalized  covariance  matrix  (correlation  coefficient  matrix)  indicates  the 
pairwise  linear  similarity  and  correlation  of  the  data  for  the  4 spectral  compo- 
nents. As  noted  earlier  MSS  bands  4 and  5 and  MSS  bands  6 and  7 are  highly  cor- 
related in  all  eases. 

The  variances  of  spectral  components  are  also  given  (within  a scale  factor)  to 
indicate  their  relative  ranking.  Ratio  of  variances  range  from  3 to  1 to  8 to  1. 


* See  References  5 and  6 for  additional  discussion  of  principal  component  analy- 
sis applied  to  Remote  Sensing  Data. 
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.0000 

.9356 

.5097 

.3341 

.8356 

1.0000 

.4317 

.2429 

.5097 

.4317 

1.0000 

.9633 

.3341 

.2429 

.9633 

1.0000 

109 

283 

791 

600 

^8685 

-.4939 

-.03927 

.0019i7 

07850 

.1941 

-.6708 

.7114 

.4659 

.8220 

^.05041 

-.3232 

.1492 

.2060 

.7388 

.6240_ 

3.278 

10.79 

325.1 

1439. 

Normalized 
Covariance  Matrix 


Vari ances 

Table  1 

BUCKS  LAKE 
1002  - 10125 

Rows  are  Eigenvectors 


{X|^}  Eigenvalues 


’T.OOOO 

.9537 

.2323 

.0187  ' 

,9537 

1.0000 

.1226 

-.0881 

.2323 

.1226 

1.0000 

.9629 

^.0187 

-.0881 

.9629 

1.0000 

467 

947 

860 

411 

^.1515 

.0120 

-.5699 

.8074“ 

.8118 

-.5689 

.0208 

-.1292 

-.2358 

-.4330 

.6859 

.5349 

.5120 

.6990 

.4517 

.2123_^ 

7.540 

25.16 

1186. 

1467. 

j-pj  Normal  ized 

Covariance  Matrix 


Variances 

Table  2 

FARMLAND  SOUTH  OF  ISLETON 
1003  - 18175 


[A]^  Rows  are  Eigenvectors 


{X|^}  Eigenvalues 


1712 


Turning  to  the  eigenvalues  and  using  (7)  we  have  the  following  table  for  percent 
error  due  to  dimensionality  reduction 


Bucks  Lake 

Isleton 

East  Bay 

1 component 
discarded 

.52 

0.28 

0.81 

2 components 

1.13 

1.21 

2.1 

discarded 

Table  3 

Entries  are  percent  mean-square  error 


We  see  that  in  all  cases,  by  linear  transformation,  it  is  possible  to  generate 
3 equivalent  components  which  represent  the  4 spectral  MSS  bands  with  less  than 
one  percent  error. 

The  relatively  larger  mean-square  error  for  the  East  Bay  image,  which  contains  a 
substantial  area  of  water,  suggests  that  significantly  different  results  may  be 
obtained  by  handling  the  water  area  separately. 

To  test  this  hypothesis  we  processed  the  East  Bay  image  and  also  a large  image 
of  the  Bay  Area  containing  water  land  and  partial  cloud  coverage.  The  principal 
component  analysis  was  carried  out  separately  on  land  water,  and  clouds.  The 
separation  of  these  distinct  areas  is  done  quite  well  by  using  a threshold  on 
MSS  7 radiometric  data  to  generate  a water  area  mask  since  in  the  infrared  the 
reflectivity  of  water  is  very  low.  Clouds  are  also  easy  to  remove  by  thresholding. 

For  the  East  Bay  Image  we  have  the  results  of  Table  4.  This  table  shows  marked- 
ly different  results  for  water  and  land  in  that  the  spectral  combinations  (eigen- 
vectors) needed  for  optimal  dimensionality  reduction  are  quite  different.  Also 
dimensionality  reduction  is  significantly  less  effective,  for  water  then  it  is 


for 

land. 

Variances 

352 

290 

544 

725 

(MSS  4,5,6,7) 

r.32 

.06 

.74 

-.5? 

-.60 

.76 

-.20 

.15 

Land 

only 

.68 

.60 

-.70 

-.40 

Eigenvectors 

.26 

.24 

.63 

.69 

23.1 

25.4 

541 

1322 

Eigenvalues 
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Variances 


80 

35 

4 

8.5 

(MSS  4,5,6,7) 

~.07 

-.16 

.98 

-.OZ 

.07 

-.10 

.00 

.99 

Eigenvectors 

Water 

only 

-.48  . 

.85 

.18 

.12 

.87 

.49 

.02 

-.02 

3.7 

8.3 

14 

101 

Eigenvalues 

Table  4 

East  Bay  Cities.  Principal  Component  Analysis 


Thus,  although  from  the  eigenvectors  of  Tables  1 and  2 It  appears  that  some 
fixed  combination  of  spectral  components  may  lead  to  acceptable  results  In 
all  cases.  Table  4 indicates  that  the  issue  has  to  be  examined  more  carefully 
with  regard  to  each  specific  objective. 


DISPLAY  OF  THE  SIGNIFICANT  DATA 

When  the  data  has  been  reduced  to  3 principal  components,  It  remains  to  combine 
these  components  In  a color  composite  which  provides  acceptable  visual  descrlmi- 
natlon  of  the  Information  contained  In  the  data. 

One  has  to  choose  first  the  color  primaries,  or  color  coordinates  to  which  the 
principal  components  will  be  assigned.  The  statistics  of  each  principal  compo- 
nent (histogram)  can  then  be  used  to  maximize  the  average  visibility  of  the  data. 

In  the  assignment  of  color  primaries  we  have  considered  an  assignment  of  Red, 
Green  and  Blue  coordinates  to  the  principal  components.  The  examination  of  the 
eigenvectors,  for  each  specific  geographic  area,  allows  an  ass1gnn»nt  which 
matches  as  closely  as  possible  the  conventional  color  assignments  of  the  stan- 
dard NASA  color  composites  of  ERTS-1  data. 

Other  assignments  of  color  primaries  have  been  considered.  These  assignments 
try  to  exploit  more  fully  the  space  of  visual  perception  and  visual  discrimina- 
tion and  the  large  differences  In  the  variances  of  the  principal  components. 

One  possible  choice  is  to  assign  the  component  with  the  largest  variance  to 
luminance  and  the  two  other  components  to  chrominance.  In  several  examples 
this  approach  Is  dlssappointlng  and  leads  to  flat  Images.  Further  work  Is 
underway  on  this  basic  problem  in  the  display  of  multlspectral  data,  which  Is 
due  to  the  high  correlation  of  the  sensor  outputs  themselves. 

After  all  data  transformations,  best  use  is  made  of  the  perceptual  space  avail- 
able by  enhancement  of  each  display  component  as  discussed  in  [1].  Thus,  histo- 
grams are  generated  and  a nonlinear  mapping  of  data  values  Ij^q,  Iqq,  Igp,  to 

display  values  I^y,  Igy,  Igy  1s  done  using  the  relations. 
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^RV  " ^^RD^ 


^GV  " 9g 


(8) 


^BV  ^ ^^BD^ 


and 


9r^^rd^ 


r^RD 


[fR(x)^/2  dx 


+ K, 


(9) 


in  which  fo(x)  is  the  histogram  of  the  data  assigned  to  Red  and  K-,  and  are 
chosen  to  fnatch  the  range  available  for  display.  Similar  mappings  are  used 
for  the  green  and  blue  signals, 

DISCUSSION  OF  THE  RESULTS  AND  CONCLUSIONS 

Dimensionality  reduction  by  principal  component  analysis,  exploits,  in  an  opti- 
mal way,  the  redundanc  and  correlation  which  exists  in  ERTS-1  data.  The  results 
presented  here  for  distinct  geographic  areas  indicate  that  it  is  possible  to  re- 
present with  3 principal  components  the  4 band  MSS  ERTS-1  data  with  little  loss 
of  radiometric  accuracy.  Since  this  approach  depends  on  statistics  or  average 
properties  of  the  data,  some  care  is  needed  in  assessing  the  relevance  of  a 
global  transformation  and  of  global  measure  of  approximation  to  each  specific 
application. 


The  separation  of  ERTS-1  data  into  land,  water  and  clouds,  which  is  possible 
with  fairly  simple  techniques,  is  important  in  the  analysis  and  display  of 
ERTS-1  data.  In  particular  Table  4 indicates  that  water  and  land  may  require 
different  transformations  and  for  the  purpose  of  display  it  certainly  appears 
desirable  to  enhance  water  separately  because  of  the  small  range  of  data  values 
recorded. 

We  note  also  that  the  results  presented  here  did  require  a radiometric  correction 
of  the  digital  data  to  reduce  or  eliminate  stripping.  The  technique  used  for 
sensor  response  equalization  has  been  reported  [2]. 

Principal  component  analysis  established  a firm  theoretical  basis  for  multi  spec- 
tral data  combination,  but  requires  an  algorithm  adapted  to  the  data  been  pro- 
cessed. Some  of  our  results  indicates  that  a fixed  multi  spectral  combination, 
not  dependent  on  specific  statistics  but  suggested  by  statistical  analysis,  may 
be  satisfactory  in  many  cases.  A detailed  study  is  needed  to  determine  and  assess 
such  a multispectral  combination  in  applications. 

In  applications,  dimensionality  reduction  is  of  use  in  automatic  classification 
or  in  the  study  of  images  by  photo-interpreters.  Personnel  of  the  Center  for 
Remote  Sensing  Research  at  the  University  of  California,  Berkeley  t3l  have  used 
some  images  enhanced  and  displayed  by  techniques  previously  reported  [1]  to 
detect  and  classify  total  commercial  conifer  in  the  Sierra  Nevada  in  California, 
by  photo  interpretation.  Other  work  on  the  delineation  of  sediments  in  water 
has  also  been  done  [4].  Results  are  indicative  of  the  merits  of  the  enhancement 
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technique  and  it  is  expected  that  combining  dimensionality  reduction  with 
image  enhancement  will  provide  significantly  better  results. 


AN  ILLUSTRATIVE  EXAMPLE 

As  an  example  of  multispectral  data  combination  and  display  we  processed  a 
large  portion  of  the  San  Francisco  Bay  area,  1165-18175.  The  first  image, 
Figure  1,  shows  MSS  bands  4,  5,  7 enhanced  and  combined.  In  Figure  2,  we 
show  the  result  of  processing  the  4 MSS  bands.  Principal  components  are 
extracted  separately  for  land  and  water  and  the  corresponding  transformation 
applied.  Clouds  are  not  processed.  A composite  image  is  generated  by  juxta- 
position of  subimages.  The  composite  images  appears  to  convey  a large  amount 
of  information,  but  a detailed  study  remains  to  be  done. 


Figure  1.  Bay  Area  1165-18175 
MSS  4,5,7  Enhanced 
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Figure  2.  Bay  Area  1165-18175 
MSS  4, 5, 6, 7 Principal  Components.  Enhanced 
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AFFINE  TRANSFORMATIONS  FROM  AERIAL  PHOTOS  TO  COMPUTER 
COMPATIBLE  TAPES 

F-  G.  Feet  (Canada^  Centre  for  Remote  Sensing,  Ottawa,  Canada),  A.  R.  Mack  (Canada  Department 
of  Agriculture,  Ottawa,  Canada)  and  L.  S.  Crosson  (Canada  Department  of  Agriculture, 

Saskatoon,  Canada) 


ABSTSACT 

During  the  development  of  a project  to  estimate  wheat  production, 
it  became  necessary  to  pull  data,  corresponding  to  particular 
fields  in  a test  site,  off  an  SETS  computer  compatible  tape* 

Aerial  photographs  and  topographic  maps  were  on  hand  for  the  test 
site*  A method  was  devised,  using  an  affine  transformation,  to 
relate  the  aerial  photographs  or  topographic  maps  to  the  tapes. 

One  can  thereby  access  data  on  the  tape  corresponding  to  regions 
covered  by  only  a few  pixels.  The  theory  can  be  used  for  the 
registration  of  two  tapes  for  the  same  area  and  for  the  # 

'geometric  correction'  of  images. 


INTRODUCTION 

A project  is  underway  to  estimate  total  crop  production  in  Western  Canada. 
Fourteen  test  sites  have  been  set  up  containing  in  total  approximately  2,000 
fields.  These  test  sites  are  2 x 10  miles  and  lie  on  generally  flat  plains. 

To  study  the  ERTS  signals  over  such  a large  number  of  fields  a rapid  and 
accurate  method  of  accessing  the  data  for  each  field  on  ERTS  computer  compatible 
tapes  (CCT's)  is  required.  In  addition,  it  is  necessary  to  study  the  dally 
variations,  where  possible,  and  the  18  day  variations  in  the  signals  for  each 
field.  This  task  is  easier  if  one  can  register  two  ERTS  computer  compatible 
tapes  for  the  same  ground  area,  for  otherwise  one  essentially  has  10,000 
separate  fields  with  which  to  deal.  It  is  nearly  impossible  to  do  either 
of  these  jobs  using  ERTS  photos,  computer  maps  or  tape  dumps  of  the  test  sites 
or  any  combination  of  these.  Therefore  another  approach  is  required. 

Wfe  seek  then^ 

a)  a method  of  rapidly  and  accurately  extracting  data  for  particular 
ground  features,  ranging  in  area  from  a few  acres  to  two  or  three 
hundred  acres,  from  an  ERTS  computer  compatible  tape, 

b)  a method  of  registering  two  ERTS  computer  compatible  tapes  for 
the  same  ground  area. 
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BACKGROUND  OR  THE  THEORY  OF  THE  METHOD 


a)  Observation  or  Necessary  Requirement 

By  a computer  map  is  meant  the  computer  printout  obtained  when  symbols 
assigned  to  the  numbers  sent  down  by  the  satellite  are  printed  out* 

The  coordinates  of  any  pixel  on  such  a map  specify  tiniquely  the  location 
of  that  pixel  m a CCT.  If  one  knows  the  location  of  a feature  on  a 
computer  map,  one  knows  its  location  on  a computer  compatible  tape* 

The  observation  (or  necessary  requirement)  is  that  lines  (e,g.  roads) 
which  are  parallel  on  the  considered  aerial  photos  or  on  the  topographic 
maps  are  also  parallel  on  the  corresponding  computer  maps.  The  dark  lines 
in  Figures  1 and  2 illustrate  roads  which  are  parallel  on  both  the  aerial 
photo  and  the  dCT. 

b)  Fact 

The  transformation  which  maintains  the  condition  of  parallelism  is  an 
affine  transformation*,  the  general  form  of  Tshich  is  the  following: 

X # a^  u + b^  V -I-  c^ 

y =«  a^  u + b^  V + c^ 

where  u and  v could  represent  the  coordinates  of  a point  on  the  photograph 
and  X and  y could  represent  the  coordinates  of  the  point  on  the  computer 
map. 

This  fact  and  the  observation  are  the  fomdatlons  of  the  method. 

c)  Deductions  from  a)  and  b) 

i)  One  can  use  an  affine  transformation  to  transform  points  from  the 
aerial  photograph  (or  topographic  map)  to  the  eomputer  map  or 
equivalently  to  the  CCT,  if  lines  parallel  on  the  former  are 
parallel  on  the  latter. 

ii)  If  (i)  is  applicable  to  two  different  CCT^s  of  the  same  area  then 
these  two  computer  maps  or  equivalently  two  CCT’s  can  be  registered 
using  an  affine  transformation  because  of  the  group  properties  of 
such  transformations. 

iii) If  (i)  is  applicable  to  an  ERTS  image  then  ’geometric  corrections’ 
can  be  performed,  if  desired,  using  affine  transformation  on  that 
image. 


*Guggenheimer,  H.W. , Differential  Geometry,  McGraw-'Hill,  N.Y. 
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IMPLEMEOTATION  OF  THE  METHOD 


a)  Extracting  Required  Data  from  a CCT 

Six  to  eight,  or  more,  easily  identifiable  points  (called  control  points) 
are  located  on  both  the  computer  map  and  aerial  photo  (or  topographic  map). 
The  coordinates  of  both  sets  of  points  are  given  to  the  computer  and  a 
least  square  analysis  is  performed  to  estimate  the  parameters  of  the 
affine  transformation.  The  feature  coordinates  are  then  digitized  (by 
which  is  meant  the  automatic  measurement  and  recording  of  the  coordinates) 
and  the  transformation  is  applied  by  the  con^uter  to  obtain  the  coordinates 
on  the  CCT  in  terms  of  line  nunber  and  pixel  nusber.  In  the  wheat  project 
case  the  feature  is  the  given  field  and  the  feature  coordinates  are  the 
field  vertices . 

b)  Registering  Two  Computer  Compatible  Tapes 

To  study  the  time  development  of  the  signals,  that  is,  to  study  daily 
changes,  where  possible,  and  18  day  changes  in  the  signal  for  a given 
feature,  considerable  work  is  saved  if  one  can  register  two  CCT’s. 

Assume  that  the  feature  location  is  known  on  the  first  CCT  and  unknown 
on  the  second  CCT.  Six  to  eight  control  points  are  located  on  the 
corresponding  computer  maps.  The  coordinates  of  both  sets  of  points 
are  given  to  the  computer  which  performs  a least  squares  analysis  to 
estimate  the  parameters  of  an  affine  transformation  from  the  first  CCT 
to  the  second  CCT.  This  transformation  is  then  applied  to  the  known 
feature  coordinates  on  the  first  CCT  to  give  the  feature  coordinates  on  the 
second  CCT.  This  method  also  saves  considerable  storage  space,  for,  in 
the  case  of  the  wheat  project,  rather  than  storing  2,000  field  coordinates 
for  each  site,  it  is  just  necessary  to  store  6 transformation  parameters. 

RESULTS 

Figure  3 shows  an  aerial  photograph  with  some  of  the  field  boundaries  outlined 
on  it.  Figure  4 shows  a computer  map  (or  equivalently  a CCT)  with  field 
botindaries  obtained  by  applying  an  affine  transformation  to  the  aerial  photo 
of  Figure  3.  The  vertices  of  the  fields  on  the  computer  map  are  within  a 
pixel  of  their  expected  location. 

SUMMARY 

Affine  transformations  can  be  used  to  transform  points  from  aerial  photos  or 
topographic  maps  to  points  on  CCT’s  provided  that  lines  which  are  parallel  on  the 
former  are  also  parallel  on  the  latter.  To  do  this  one  digitizes 
(automatically  measures  and  records)  the  coordinates  of  the  features  of  interest 
on  the  aerial  photo  or  topographic  map.  The  transformation  is  then  applied  by 
the  computer  to  these  digitized  coordinates  to  obtain  the  coordinates  of  the 
feature  on  the  CCT. 
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If  the  method  of  the  previous  paragraph  is  applicable  to  two  CCT*s  then  these 
two  computer  compatible  tapes  can  be  registered  with  an  affine  transformation 
because  of  the  group  properties  of  such  transformations*  To  locate  features  on 
a second  CCT  if  their  location  on  a first  CCT  is  known  one  just  applies  the 
transformation  to  the  feature  coordinates  bn  the  first  GCT. 

If  the  method  of  the  second  last  paragraph  is  applicable  to  a given  ERTS  image, 
then,  if  desired,  one  can  perform  ^geometric  corrections*  on  that  image  with 
an  affine  transformation* 
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Figure  2 

The  black  lines  represent  the  same  roads  shown  in  Figure  1 
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Figure  3 

The  dark  lines  correspond  to  field  boundaries 


Paper  I 4 


ESIAC:  A DATA  PRODUCTS  SYSTEM  FOR  ERTS  IMAGERY  (Time-lapse  Viewing  and 
Measuring) 

Will  lam  E.  Evans  apd  Sidney  M.  Serebreny,  Sanford  Research  institute,  Menlo  Park,  California 


ABSTRACT 


An  Electronic  Satellite  Image  Analysis  Console  (ESIAC)  has  been 
developed  for  visual  analysis  and  objective  measurement  of  Earth  Resources 
Imagery.  The  system  is  being  employed  to  process  imagery  for  use  by 
uses  investigators  in  several  different  disciplines  studying  dynamic 
hydrologic  conditions.  The  ESIAC  provides  facilities  for  storing 
registered  image  sequences  in  a magnetic  video  disc  memory  for  subsequent 
recall,  enhancement,  and  animated  display  in  monochrome  or  color.  The 
unique  feature  of  the  system  is  the  capability  to  time-lapse  the  3ERTS 
imagery  and/or  analytic  displays  of  the  imagery.  Data  products  have 
included  quantitative  measurements  of  distances  and  areas,  brightness 
profiles,  and  movie  loops  of  selected  themes. 

The  applications  of  these  data  products  are  identified  and  include 
such  diverse  problem  areas  as  measurement  of  snowfield  extent,  sediment 
plumes  from  estuary  discharge,  playa  inventory,  phreatophyte  and  other 
vegetation  changes.  A short  movie  is  presented  to  demonstrate  some  uses 
of  time  lapse  presentation  that  have  been  employed  in  these  investigations. 

A comparative  ranking  of  the  electronic  system  in  terms  of  accuracy,  cost 
effectiveness  and  data  output  shows  it  to  be  a viable  means  of  data  analysis 


INTRODUCTION 

This  article  presents  some  of  the  information  products  and  their 
applications  to  earth  resources  investigators  that  have  been  obtained  at 
SRI  as  a participant  in  the  NASA  ERTS-1  investigations  (Contract  NAS  5- 
21841.  Under  this  contract  SRI  is  providing  support  to  the  U.S.  Department 
of  Interior,  Geological  Survey  (Water  Resources  Division)  program  in 
Dynamic  Hydrology,  which  is  comprised  of  a number  of  highly  diverse 
disciplines  and  areas  of  Interest  (see  Figure  1) . The  SRI  role  in  this 
program  is  to: 

• provide  information  on  dynamic  hydrologic  phenomena  of  interest 
to  the  ERTS  investigators. 
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• determine  requirements  and  costs  for  future  on-site  electronic 
data  processing. 

The  goal  of  SRI^s  participation  is 

• to  develop  methods  of  dynamic  information  ^traction  and 
processing  that  might  be  common  to  all  ERTS  investigators,  with 
emphasis  on  the  use  of  image  time-lapse  sequence  and  electronic 
multi-spectral  image  change  detection  procedures* 

In  the  pursuit  of  these  purposes  SRI  has  had  an  on-going  development 
program  over  the  past  two  years  of  an  interactive  system  called  Electronic 
Satellite  I^mage  Analysis  Console  (ESIAC)  for  information  retrieval  and  data 
processing  from  ERTS  data.*  A recent  photograph  of  the  ESIAC  is  shown 
as  Figure  2. 

In  brief,  the  basic  objective  of  the  ESIAC  system  is  twofold:  To 

enhance  or  delineate  the  phenomena  of  interest  and  extract  quantitative 
measurement  of  it.  Experience  under  this  contract  has  indicated  that, 
on  occasion,  the  display  function  alone  can  contribute  enough  to  under- 
standing of  the  phenomena  that  no  more  output  information  is  required,  but 
in  the  vast  majority  of  cases  there  was  a need  for  the  second  function  -- 
that  of  extracting  quantitative  measurements  from  the  imagery. 


ESIAC  CAPABILITIES 


% 

4^ 


e. 


ESIAC  provides  an  operator/analyst  with  a means  for  scanning  the 
imagery  and  placing  selected  portions  of  it  in  temporary  storage  for 
detailed  review,  enhancement,  and  analysis.  The  principal  image  enhance- 
ment technique  in  the  ESIAC  is  rapid  sequential  presentation  of  registered 
images  — time  lapse  series,  flicker  comparisons,  and  the  like.  Additional 
image  enhancement  capability  is  provided  through  contrast  and  polarity 
manipulation,  easy  scale  changes  (zoom),  and  false  color  display  of 
multispectral  imagery.  The  storage  memory  is  a 16-inch  analog  magnetic 
video  disc  recorder  fitted  with  two  moving  head  channels;  each  channel 
capable  of  storing  up  to  300  addressable  525-line  television  frames. 
Quantitative  measurements  of  distances,  areas,  and  signal  amplitues  are 
made  under  operator  guidance  and  may  be  output  in  digital  form. 


*Wm.  E.  Evans  and  Sidney  M.  Serebreny,  Analysis  of  ERTS  Image  Using 
Special  Electronic  Viewing/Measuring  Equipment;  Proceedings  of  Symposium 
on  Significant  Results  Obtained  From  the  Earth  Resources  Technology 
Satellite,  NASA/GSFC,  Volume  1,  Part  B,  pp.  1211-1218,  March  5-9,  1973. 
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Recently,  three  important  new  capabilities  were  achieved  through 
additions  to  ESIAC  circuitry: 

• Two  Dimensional  Color  Space  Display 

This  display  is  an  oscilloscope  with  matched  wideband  x and  y 
deflection' amplifiers,  connected  as  shown  in  Figure  3.  This  arrangement 
provides  a dynamic  version  of  the  two-dimensional  diagram  frequently  used  for 
studying  two-band  radiometric  data.  It  is  particularly  useful  for 
(a)  identifying  amplitude  and  spectral  characteristics  of  "training” 
regions  in  ERTS  data,  and  (b)  adjusting  the  various  thresholding, 
slieing,  and  ratioing  controls  to  make  thematic  extractions. 

While  any  two  synchronous  video  signals  can  be  so  displayed,  a 
typical  situation  is  for  the  ESIAC  to  be  used  to  display  a time  lapse 
sequence  of  additive  pseudo -col or  images  derived  from  two  different 
MSS  channels.  A particularly  useful  combination  for  many  analysis 
tasks  is  to  display  on  the  color  monitor  one  of  the  Infrared  images 
(MSS  6 or  MSS  7)  in  red  and  one  of  the  visible  images  (MSS  4 and  MSS  5) 
in  the  complementary  color,  cyan.  While  normal  TV  display  is  being 
scanned  in  conventional  rectangular  raster  fashion,  the  spot  on  the 
x-y  oscilloscope  is  being  continuously  positioned  in  accordance  with 
the  instantaneous  responses  in  the  two  image  channels  being  studied. 

(We  refer  to  the  normal  TV  display  as  the  "image  space  display”  and  to 
the  x-y  oscilloscope  display  as  the  "color  space  display” .)  All  points 
in  the  image  which  generate  equal  responses  in  the  two  channels  will 
be  distributed  ("mapped”)  along  a 45^  diagonal  line  in  the  x-y  color 
space  display.  Zero  response  for  both  channels  defines  the  origin 
in  the  lower  left  corner.  In  one  mode  of  operation,  the  brightness 
distribution  over  the  color  space  display  provides  a measure  of  the  color 
or  energy  distribution  for  the  entire  image-,  that  is,  two-band  video 
information  is  converted  into  a two  dimensional  scatter  diagram.  Scenes 
containing  significant  areas  of  snow  or  clouds,  for  example,  produce 
maps  showing  appreciable  energy  distributed  along  the  "neutral”  diagonal. 

A heavily  vegetated  scene  on  the  other  hand,  will  generate  a scatter 
diagram  ("map”)  with  most  of  its  energy  above  and  to  the  left  of  the 
diagonal  (see  Figure  4) . Water  bodies  normally  map  into  the  lower  right 
region. 


By  providing  intensification  (z  axis  modulation)  to  the  color 
map  display  only  during  the  cursor-intersection  period,  any  designated 
portion  of  the  ERTS  image  becomes  identifiable  on  the  color  map  and  its 
color  coordinates  (percent  response  in  each  of  the  two  channels)  can  be 
read  (Figure  5).  Leaving  the  cursor  positioned  over  a vegetated  area 
while  cycling  through  a long  sequence  of  registered  images  provides  a 
rapid  and  dramatic  portrayal  of  the  changing  spectral  responses  of  the 
vegetation  patch  as  its  proceeds  through  its  seasonal  changes. 
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# Grey-scale  storage  during  vertical  retrace 


The  ability  to  store  a calibration  greyscale  step  tablet  on  the 
same  video  disc  track  as  the  main  image  permits  the  storing  of  the  grey- 
scale and  annotation  block  from  an  IRTS  frame  during  vertical  retrace 
period  of  the  television  signal.  This  results  in  a valuable  saving  in 
recording  capacity  on  the  magnetic  disc.  Further,  when  the  main  image 
area  is  being  used  to  display  a magnified  (zoomed  in)  segment  from  a full 
IRTS  frame,  the  pertinent  radiometric  calibration  data  for  the  frame  at 
zero  zoom  is  still  available  (by  ’’rolling”  the  image  vertically  to 
display  the  normal  vertical  blanking  interval) . 

Any  gain,  dc  offset,  or  amplitude  comparison  experienced  by  the  main 
signal  during  the  storage  and  reproduction  process  is  also  experienced  by 
the  calibration  waveform. 

The  desired  effect  of  having  the  reference  data  show  at  0®,  45^  and 
90^  on  the  color  space  display  is  achieved  by  recording  the  two  grey 
scales  slightly  misregistered  in  the  vertical  direction.  Because  of  the 
intentional  misregister,  there  will  be  a brief  period  (several  scan  lines) 
during  which  only  the  Band  6 grey  scale  will  be  scanned,  another  brief 
period  during  which  only  the  Band  5 grey  scale  will  be  scanned,  and  a 
third  brief  period  during  which  both  grey  scales  are  scanned  simulta- 
neously. It  is  during  this  latter  period  that  a color  image  space 
display  will  show  a neutral  grey  scale,  and  the  45^  diagonal  line  will 
be  generated  on  the  x-y  (color  space)  display. 

By  reading  the  x and  y coordinates  of  an  area  relative  to  the  axial 
dots  generated  by  steps  on  the  film  grey  scale  tablet  (interpolating 
when  necessary),  two-band  radiometric  values  for  the  area  can  be 
specified  in  terms  of  absolute  values;  e.g,,  in  1fatts-Meter"2-steradian~^, 
with  a minimum  error  due  to  amplitude  non-linearities  in  the  photographic 
and  TV  processing  steps. 

• Semiconductor  binary  memory  (scratchpad  memory) 

This  equipment  provides  editing  and  storage  of  single  frames  of 
binary  imagery  (thematic  masks).  The  additional  memory  capacity  frees  both 
disc  channels  for  use  as  the  data  source  for  time-lapsed  color  displays, 
as  well  as  overcoming  an  annoying  operating  restriction  that  previously 
existed.  Some  examples  of  binary  thematic  masks  that  can  be  generated 
are  shown  in  Figures  6-8. 

All  of  these  highly  interactive  additions  to  the  ESIAC  analysis 
capability  should  be  of  significant  help  to  investigators  interested 
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in  converging  upon  a quantitative  description  of  the  dynamics  of  a 
phenomenon  of  interest  to  them.  Decisions  about  the  efficacy  of 
various  thresholding,  slicing,  and  ratioing  algorithms  can  be  made  while 
watchii]^  the  results  on  a registered  time  series  of  scenes  displayed 
immediately,  and  simultaneously,  in  both  image-space  and  color  space. 
Once  a suitable  classification  algorithm  has  been  found,  first-order 
quantitative  results  for  each  scene  can  be  read  quickly  from  the  ESI AC 
area-measuring  readout.  Then,  if  the  ultimate  in  precision  is  required, 
and  Computer  Compatible  tapes  are  available,  the  same  algorithm  can  be 
programmed  for  digital  processing  of  the  <XT*s  with  reasonable  assurance 
that  the  results  will  be  meaningful. 


SERVICES  AND  PRODUCTS 


The  services  rendered  by  SRl  in  this  program  include  both  advisory 
consultation  on  information  retrieval,  and  data  products  derived  from 
specific  instructions  of  the  participating  investigators.  Naturally, 
advisory  consultation  between  SRI  and  the  investigator  played  a large 
role  at  the  onset  of  the  investigation,  particularly  in  reaching  a 
balance  between  what  investigators  wanted  from  ERTS  imagery  and  what 
could  be  successfully  extracted  and  objectively  measured  from  the  imagery 
that  was  of  significant  value  to  the  objectives  of  the  individual  USGS 
investigators. 

Some  of  the  products  generated  on  the  ESIAC  and  provided  to  the 
uses  investigators  in  the  Dynamic  Hydrology  program,  to  date,  have  been 
as  follows: 

1.  Animated  Scene  Imagery  (monochrome  or  color) 

a.  Feature  delineation 

b.  Scene  overlays 

2.  Binary  Overlay  of  Themes  for 

a.  Area  Measurements 

b.  Feature  Enhancement 

3 . Radiometry 

a.  Sii^le  band  radiance  vs  distance  profiles 

b.  Two-band  scatter  diagram  displays 

1)  Entire  scene 

2)  Selected  segments 
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It  is  Important  to  note  that,  with  the  ESIAC,  all  such  displays  can 
be  time-lapsed.*  The  most  apparent  progress  was  made  when  the  individual 
Principal  Investigators  could  work  interactively  with  ESIAC  at  SRI. 

However  , the  equipment  was  also  used  to  advantage  in  preparing  photographic 
products  (movies,  overlays,  and  hard  copy)  for  reports,  presentations 
‘and  more  leisurely  study. 

Many  problem  areas  remain  to  be  resolved  before  one  can  cohsider  that 
the  quantitative  measurements  of  given  themes  are  accurate.  For  example: 

• snow  is  relatively  easy  to  measure  if  the  image  is  well 
illuminated.  However,  snow  illuminated  at  low  angles,  or 
in  shadow,  can  be  missed  or  confused  with  rock  or  soil, 
plus  the  fact  that  the  spectral  signature  of  snow  can  be 
modified  by  protruding  trees.  Determining  the  extent  of 
snow  cover  in  a specific  drainage  basin  to  useful  accuracies 
presents  a special  problem  in  that  it  requires  precise 
registration  to  a known  geographic  outline. 

• the  identification  of  vegetation  can  be  hampered  by  the 
fact  that  the  classical  spectral  signatures  may  be  diluted 
to  an  unknown  degree  by  the  ground  reflectance. 

• the  analysis  of  imagea^y  over  water  is  made  difficult  by 
the  presence  of  low  radiance  in  all  spectral  bands.  Weak 
sedimentary  plumes  are  easily  confused  with  haze,  smoke 
or  thin  clouds.  In  many  of  the  problems,  however,  the 
ability  to  view  the  imagery  and/or  the  spectral  response 
of  the  desired  scene  in  time  lapse  mode  often  is  of 
great  analytical  aid.  Other  difficulties  include 
signal/noise  problems  which  sometimes  dictate  the  use 

of  negative  photographic  originals.  In  addition,  poor 
quality  imageiy,  due  to  inferior  photoprocessing,  can 
affect  the  quantitative  measurements  of  area  or  edge 
delineation. 

The  foregoing  problems  only  exemplify  the  many  that  had  to  be,  and 
still  have  to  be,  considered  by  the  individual  investigators  before  the 
data  reduction  products  supplied  can  fully  serve  the  objectives  of  their 
research.  Consequently,  this  interactive  rapport  between  SRI  personnel 
and  the  other  principal  investigators  forms  a very  important  part  of  the 

*A  movie  also  will  be  presented  that  illustrates  the  type  of  data  products 
obtained  through  the  use  of  ESIAC  but,  in  particular,  demonstrates  the 
value  of  time-lapse  to  the  interpretation  of  ERTS  data. 
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services  provided  to  the  USGS  investigators  and  it  includes  such  areas 
as  determining  what  are  significant  displays  (both  static  and  time 
lapse)  to  them,  as  well  as  determining  what  formats  are  required  or 
can  be  helpful  to  their  specific  problems. 


APPLICATIONS 

In  this  paper  we  are  only  listing  applications  in  brief  form.  They 
are  discussed  in  greater  detail  in  the  reports  of  the  individual  inves- 
tigators . 

• Snow  Field  Dynamics  (Dr.  Mark  F.  Meier) 

1,  Measurement  of  snowpack  area 

2,  Temporal  changes  in  snowpack  for  derivation  of 
snowpack  depletion  curves 

3,  Prediction  of  streamfow  (including  reservoir  inputs)  for 

a.  Hydroelectric  power  potential 

b.  Flood  control 

c.  irrigation 

• Desert  Vegetation  Dynamics  (Dr.  Raymond  M.  Turner) 

1.  Range-readiness  for  livestock  grazing 

a.  Distribution  of  ephemeral  vegetation  areas 

b.  Short-term  changes  in  vegetation  covered  areas 

2,  Diagnosis  of  insect  plague  potential  through  the 
distribution  of  precipitation  as  inferred  by  vegetation 
spectral  response, 

• Estuarine  Dynamics  (Mr.  Fred  Ruggles) 

1.  Data  base  for  modeling  of 

a.  Heated  water  discharge 

b.  Dredgii^  and  shipping  effects 

c.  Special  dump  locations 

d.  Water  quality  control 

2.  Input  to  New  England  Basin  Planning  Commission  study  for 
the  preservation  of  Long  Island  Sound.  (Three  million 
dollar  planning  study  of  activities  in  a water  body  that 
serves  some  12  million  people) 

• Fresh  Water  Dynamics  (Dr.  E.  Pluhowski) 

1.  Shoreline  and  beach  erosion 

2,  Navigation  channel  planning  and  maintenance 
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3 .  Water  quality  as  affected  by 
a • Man’s  activity 
b*  Extraneous  water  courses 

• Playa  Lake  Dynamics  (Dr.  C.  G.  Reeves) 

1.  Assessment  of  available  water  supply  for  irrigation 
ground -water  recharge 

a.  Census  of  playa  lakes 

b.  Temporal  changes  in  water  supply 

2.  Small  scale  hydrologic  balance  evaluations 

• Watershed  Dynamics  (Mr.  E.  P.  Hollyday) 

1.  Interaction  of  open,  vegetation,  snow  and  massed-works- 
of -man  within  a drainage  basin 

2.  Modeling  criteria  for  basin  hydrologic  response  to  precipitation 

Consideration  of  the  data  products  that,  to  date,  have  been  extracted 
from  the  ERTS  imagery  via  ESIAC  indicates  that  it  has  useful  application 
to  many  programs  in  dynamic  hydrolc^y  beyond  those  of  the  Water  Resources 
Division. 

COST  EFFECTIVENESS 

A principal  objective  of  our  research  program  is  to  determine  time 
and  cost  parameters  for  various  types  of  ERTS  image  analysis,  particularly 
those  which  require  a significant  amount  of  human  interpretive  skill. 

Tasks  that  we  have  encountered  to  date  can  be  broadly  classified  as  follows 

Principal  Identification  Criteria 

1 . Overall  Radiance 

2 . Spectral  Signature 

3.  Spatial  Brightness  Contrast 

4.  Spatial  Color  Contrast 

5.  Temporal  Variations  of 
numbers  1,  2,  3,  and  4 

Detailed  figures  will  not  be  available  until  the  end  of  the  study, 
but  the  gross  trends  depicted  in  Figure  9 are  already  apparent. 


Machine  Excells 
Man  Excells 
Man-Machine  Excells 
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Electronic  viewing/measurii^  equipment  should  not  be  regarded  as 
competing  with  photographic  prints  in  cost,  convenience,  and  image 
quality  or  with  computer  processing  of  digital  tapes  in  the  precision 
of  fully  objective  measurements.  Although  the  equipment  described  here 
provides  capabilities  that  extend  surprisingly  far  into  the  realms  of 
both  these  mutually  exclusive  techniques,  its  greater  and  virtually 
unique  utility  lies  in  providing  rapid  and  extremely  versatile  coverage 
of  a large  middle  ground  of  analysis  tasks,  particularly  those  that  can 
benefit  from  sequential  or  simultaneous  display  of  numerous  images  and  from 
interactive  guidance  by  the  scientific  investigator.  For  this  purpose, 
we  have  evolved  a system  that  we  believe  provides  |*easonable  t3^W®-offs 
among  the  competing  factors  of  operating  simplicity,  processing  volume, 
accuracy,  maintainability,  and  cost. 
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Pacific  North  West 
Coastal  Range 
Snowfiekl/Gladcr  dynamics 
DcAlFMder  U-SG^WRD 


UkeOntarioB^n 
fresh  Water  dynamics 
DirlPluhowsW  msS  VffiD 


Long  Island  Sound 
Esti^rine  Dynamfcs 
Mr.Fred  Ruggles  USS5WRD 


Arizona  Regional  Ecological 
Test  Site 

Ptweatopl^c  and  Arid  Zone 
Surface  Runoff 
Or.aMJurr^r  U*S€-S  WRD 


Chesapeake  Region 
WiterShed  Dynamics 
Mr.E.t>Hol|y%  OS^WftO 


Pbya  LakedynzHnics 
in  Scwthem  High  Plains 
OnCCReeves  -TexasToti 


FIG.  1 PROGRAM  IN  DYNAMIC  HYDRODOGY 


FIG.  2 PHOTO  OF  ESIAC 
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FIG.  3 OSCILLOSCOPE  CONNECTIONS  FOR 


X-Y-2  OSCILLOSCOPE 
(Color  Space  Display) 


COLOR  MAPPING  DISPLAY 
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MSS  7 


a)  PHOTOGRAPH  OF  IMAGE  SPACE  DISPLAY  (color  TV  monitor)  FOR 
PORTION  OF  ERTS  SCENE  1261-15274  SANTEE  RIVER  SWAMP,  SOUTH 
CAROLINA  10  APRIL  1973  (WBS-7  SHOWN  IN  RED,  MSS -5  IN  CYAN. 
PiCTURE  HEIGHT  = 53  km) 


MSS  5 »» 


b)  COLOR  SPACE  DISPLAY  FOR  SCENE  OF  (a) 

Note  heavy  concentration  of  energy  in 
the  mid-brightness  red  region  above  and 
to  the  left  of  the  45^  diagonal. 

Note  also  two  lesser  energy  concentrations 
in  the  mid  and  low  brightness  cyan  region 
below  the  diagonal. 

Dots  on  axes  are  from  ERTS  gray  scale 
tablet  (not  visible  in  panel  a)* 


FIG.  4 TWO  ALTERNATIVE  DISPLAYS  OF  ERTS  MULTISPECTRAL  DATA 
(Each  can  be  Viewed  in  Time  Lapse  on  ESIAC) 
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REGION  X SWAMP 


VEGETATION 

\ MSS  5 


^REGION  IT  CLEAR  WATER 
***••'•  REGION  HE  TURBID  WATER 


FIG.  5 COLOR  SPACE  DISPLAY  OF  SPECTRAL  SIGNATURES  FROM  THREE 
SELECTED  SMALL  GEOGRAPHICAL  REGIONS  WITHIN  SCENE  OF 
FIG,  4 
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(c  ) CONTINOUS  TONE  DISPLAY  OF  DATE  TO  DATE  (d)  14  NOVEMBER- 8 OCTOBER  19 72  BINARY 

IMAGE  DIFFERENCING  (MSS- 5)  14  NOVEMBER-  MASKS  OF  WHITE  REGIONS  OF  FIG.  C 

8 OCTOBER  1972 


(e)  8 OCTOBER -14  NOVEMBER  1972  BINARY 
MASKS  OF  BLACK  REGIONS  OF  FIG.  C 


FIG.  6 DETERMINATION  OF  AREAL  DISTRIBUTION  OF  SNOW  USING  MASKS  OF 

BRIGHTNESS  ABOVE  THRESHOLD,  2 SEPTEMBER  1972  (BAND  4,  .5-.6|ji,) 
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Basin  Outline  Superimposed) 


iHMl! 


FIG.  7 USE  OF  BINARY  MASKS  TO  EVALUATE  AREAL  CHANGES  IN 
SNOW  DERIVED  FROM  THE  DATE -TO -DATE  DIFFERENCING 
TECHNIQUE 


1739 


f t t ( t ( i I t i i I 


I t ( 


1 

‘ e)  2.00 


FIG.  8 


MASKS  GENERATED  FROM 

"avha  valley"  scene  of 

26  DECEMBER^  1972 


I ■ ' { I 


TEMPORAL  CHANGES  IN  VEGETATIVE  COVER  USING  THEMATIC 
MASKS  GENERATED  USING  SELECTED  RATIOS  OF  BAND  6 
(MSS-6)  TO  BAND  5 (MSS-5).  [Ratio  values  indicated 
in  each  panel] 
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Photographic 

ESIAC 

Digital 

— — ^ 

— — ^ ■ 

— ► 

Ability  to  Quantitative 

Delineate  Features  Accuracy  Econotry 


FIG.  9 RELATIVE  RANKING  OF  DATA  PROCESSING  METHODS 
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Paper  I 5 

ADVANCED  PROCESSING  AND  INFORMATION  EXTRACTION  TECHNIQUES  APPLIED 
TO  ERTS-1  MSS  DATA 

William  A.  Malila’and  Richard  F,  Nalepka,  Environment^  Reseamh  institute  of  Michigan,  Ann  Arbor,  Michigan 


ABSTRACT 

Conventional  autonatic  data  processing  and  information 
extraction  techniques  fall  short  of  pTOviding  the  Information 
required  by  the  user  in  some  applications.  For  those  cases, 
advanced  techniques  are  needed  to  permit  the  extraction  of  the 
necessary  information.  This  paper  describes  advanced  tech- 
niques we  have  developed  and  provides  exanples  of  their  appli- 
cation to  ERTS-1  MSS  data. 

The  techniques  described  are  designed  to  help  overcane 
problems  in  location,  mensuration,  and  classification  accuracies 
which  result  fcom  geonetrlG  distortions  of  the  ERTS  MSS  data, 
the  relatively  coarse  resolution  of  the  sensor,  and  variations 
in  atmospheric  state  over  the  region  to  be  surveyed.  It  is 
shown  that  each  of  these  factors  can  seriously  degrade  one's 
ability  to  extract  necessary  information.  Further,  it  Is 
shown  that  advanced  techniques  can  alleviate  the  effects  of 
these  factors. 
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1.0.  INTRODUCTION 

This  paper  presents  results  obtained  under  ERTS  Investigation  MMG-136. 

As  a part  of  this  investigation,  we  have  been  developing  and  testing  tech- 
niques for  the  extraction  of  information  fcon  ERTS  data.  The  two  general 
objectives  of  the  investigation  have  been  to  minimize  the  effects  of  large 
spatial  resolution  element  size  and  to  enhance  the  extraction  of  large-area 
survey  data.  Two  topics  under  each  of  these  general  categories  are  discussed 
in  the  sections  that  follow. 

2.0.  TECHNIQUES  FOR  MINIMIZING  THE  EFFECTS  OF  LARGE  SPATIAL  RESOLUTION 
ELEMEOTS 

The  first  topic  in  this  section  is  estinmtion  of  the  fractional  com- 
position of  Individual  pixels  by  use  of  the  spectral  information  obtained 
fron  ERTS.  It  is  followed  by  a description  of  a procedure  for  asslgjilrg 
pixels  to  specific  analysis  areas  identified  on  maps  or  photographs,  an 
important  detail  for  classification  processing. 


sol 


1743 


2.1.  ESTIMATION  OF  FRACTIONAL  COMPOSITTON  OF  INDIVIDUAL  PIXELS 
(PROPORTION  ESTIMATION) 

One  aspect  of  this  inyestigation  is  concerned  with  testing  the 
applicability  of  advanced  information  extraction  techniques  to  ERTS-1 
MSS  data.  (These  techniques  have  been  developed  at  ERIM  with  funding 
provided  by  the  Si^jporting  Research  and  Technology  program  of  NASA-JSC 
under  Contract  NAS9-9784.)  One  technique  addresses  problems  associated 
with  accurately  determining  areas  covered  by  features  in  the  scene  using 
scanners  with  limited  spatial  resolution,  like  ERTS-1  MSS.  Clearly, 
there  is  a serious  problem  for  features  smaller  than  the  Instantaneous 
field  of  view  of  the  scanner,  In  addition,  problems  exist  even  for 
larger  features  since  many  of  the  EE?TS  pixels  overlap  the  boundaries 
between  these  and  adjoining  features.  As  a result,  the  radiation  repre- 
sented in  those  pixels  is  a mixture  of  radiation  reflected  from  two  or 
more  materials.  Since  the  signals  generated  in  such  pixels  are  not 
characteristic  of  any  one  material,  the  pixels  will  generally  be  Inproper ly 
» classified.  Therefore,  the  area  assigned  to  each  material  class  could 
I,*?  seriously  be  In  error.  For  exanple,  at  least  25^  of  the  pixels  covering 
si-1?  ^ square  field  of  50  acres  (20  hectares)  will  overlap  its  boundaries. 

At  ERIM  we  have  developed  a data  processing  technique  [1]  to  estimate 
t the  proportions  of  materials  contained  within  each  pixel,  by  taking 
advantage  of  the  fact  that  Information  is  gathered  in  several  spectral 
bands  . This  permits  a more  accurate  determination  of  the  area  covered  by 
each  material j the  greater  the  number  of  spectral  bands  used,  the  more 
the  materials  that  can  be  considered.  We  next  describe  and  evaluate  the 
results  of  a test  of  this  technique  on  ERTS-1  MSS  data,  (Seme  of  these 
results  were  included  in  a paper  presented  at  the  March  1973  Synposlum 
on  Significant  Results  [2] . ) 

The  goal  of  this  initial  test  was  to  determine  how  accurately  we 
could  estimate  the  surface  area  of  a nut±>er  of  lakes  and  ponds  in  a small 
portion  of  an  ERTS  frame,  The  region  selected  for  processing  is  shown  in 
Figure  1,  a black  and  white  aerial  photograph  of  that  region. 

Using  an  enlargement  of  this  photo,  the  surface  area  of  the  water 
bodies  was  determined.  Two  methods  were  used  to  determine  area,  dot  grid 
and  planimeter,  with  the  results  being  calibrated  by  assuming  a one  mile 
separation  between  the  section  line  roads  apparent  in  the  photo. 

For  purposes  of  conparlson,  the  data  were  processed  using  two 
approaches  in  addition  to  the  multi-channel  proportion  estimation 
al^rithm.  One  of  these  was  the  conventional  recognition  algorithm  in 
which  each  pixel  was  assigned  to  one  and  only  one  class . In  the  other 
approach,  proportions  were  estimated  using  only  one  ERTS-IVBS  band. 
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In  processing  the  data  the  first  step  was  the  establishment  of 
training  signatures  for  the  major  object  classes  in  the  scene.  The 
primary  scene  conponents  in  this  case  were  water,  trees,  and  soil.  A 
number  of  pixels  containing  pure  samples  of  each  of  these  classes  were 
located  and  the  mean  signal  vector  and  associated  covariance  matrix  was 
determined  for  each  class.  Since  there  were  some  data  quality  problems 
with  ERTS  Band  6,  only  Bands  4,  5,  and  7 were  used  to  establish  signatures 
and  for  the  ensuing  processing. 

Having  established  the  signatures,  the  three  processing  algorithms 
(multi-channel  proportion  estimation,  single  channel  proportion  estimation, 
and  conventional  recognition)  were  applied  to  the  data.  In  order  to 
meaningfully  conpare  the  results  generated  using  these  algorithms,  it  was 
necessary  to  Identify  the  thresholds  which  would  be  used  in  each  of  the 
algorithms.  These  threshold  dr  parameter  values  would  affect  the  trade-off 
between  the  detection  rate  and  the  false  alaim  rate.  For  this  carparison, 
it  was  decided  to  utilize  those  parameter  values  which  eliminate  water 
false  alarms  in  the  scene  (l.e. , no  non-water  pixels  classified  as  water) 
while  at  the  sane  time  maximizing  the  detection  rate. 

The  multi-channel  proportion  estimation  algorithm  used  for  estimating 
water  acreage  depends  upon  the  values  used  for  two  parameters.  One  of 
these  parameters,  p,  is  called  the  probability  of  rejection;  the  other,  x, 
is  the  water  proportion  threshold. 

The  purpose  of  the  probability  of  rejection  parameter  p is  to  elimi- 
nate those  slgials  which  represent  pixels  that  contain  Inslgilflcant 
coverage  by  a cotriblnatlon  of  water,  bare  soil,  and  vegetation  or,  equi- 
valently to  eliminate  signals  which  represent  pixels  that  contain  slgiifl- 
cant  coverage  by  combinations  of  other  object  classes.  The  probability  of 
rejection  parameter  p operates-  as  follows.  If  a signal  y Is  not  Within  a 
probability  contour  that  contains  (1-p)  of  the  sanples  for  a sigiature  of 
some  mixture  of  water,  bare  soil  and  vegetation,  then  the  proportion  of 
water  estimated  for  the  pixel  represented  by  the  signal  y is  taken  to  be 
zero. 


The  objective  of  the  other  parameter,  the  water  proportion  threshold  x, 
is  to  eliminate  small  proportion  estimates  of  water  for  pixels  which,  in 
reality,  contain  no  water.  This  parameter  operates  as  follows.  A tentative 
proportion  estimate  p of  water  is  made  for  the  pixel  in  question.  If  p is 
less  than  x,  then  the  estimated  proportion  of  water  is  t^en  to  be  zero. 

If  p is  greater  than  or  equal  to  x , then  p is  taken  as  the  estimated  pro- 
portion of  water. 

Figure  2 gives  the  opeiating  characteristics  of  the  proportion  esti- 
mation algorithm  for  this  data  set  as  functions  of  the  probability  of 
rejection  and  the  water  proportion  threshold.  The  plots  shown  in  this 
figure  were  determined  as  follows.  All  the  pixels  in  the  scene  were 
classified  by  photo  interpretation  into  two  classes,  W and  G.  A pixel 
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was  put  in  class  W if  it  contained  sane  water;  it  was  put  in  clsss  Q if 
it  contained  no  water,.  The  total  amount  of  water  surface  area  estimated 
for  the  pixels  in  class  G,  divided  by  the  area  of  the  pixels  in  class  G, 
was  taken  as  the  false  alann  rate.  The  total  amount  of  water  surface 
area  estimated  for  pixels  in  class  W divided  by  the  actual  (as  determined 
by  photo-interpretation ) surface  area  of  water  in  class  W was  taken  as 
the  detection  rate. 

Fran  the  figure  we  see  that  for  x = 0.4  or  greater,  the  false  alarm 
rate  becones  zero,  regardless  of  the  probability  of  rejection  p.  For  a 
specific  value  of  p , we  may  increase  the  detection  rate  by  decreasing  t , 
but  the  penalty  is  increased  false  alarm  rate.  Examination,  of  the 
operating  characteristics  indicates  that  the  combination  of  parameter 
settings  with  p = 0 and  x = 0.4  yields  near  optimum  results : detection 

rate  = 90 . 2M%  and  false  alarm  rate  = 0.  This  detection  rate  is  based 
upon  assigning  to  each  pixel  an  area  equal  to  79m  x 57m. 


The  single-channel  proportion  estimation  algorithm  operates  similarly 
to  the  multichannel  proportion  estimation  algorithm,  with  probability  of 
rejection  parameter  p and  water  proportion  threshold  parameter  x.  In 
single-channel  proportion  estimation,  the  p parameter  was  used  to  eliminate 
those  signals  which  represented  pixels  containing  insignificant  coverage 
by  a combination  of  water  and  vegetation  (proportions  may  be  estimated  for 
only  two  classes  when  using  a single  channel) . Because  the  water  signal 
level  in  EFfTS  Band  7 was  lower  than  all  others  in  the  scene,  a value  of  zero 
could  be  used  for  the  parameter  p without  causing  false  alarms.  Therefore, 
the  results  given  in  Figure  3 are  for  p = 0 and  varying  values  for  the 
parameter  x . We  see  that  as  x decreases  the  detection  rate  increases , 
with  a penalty  of  increased  false  alarm  rate.  A false  alarm  rate  of  zer>o 
is  achieved  for  x values  of  0.6  or  greater. 


For  conventional  recogiltion  the  parameter  x does  not  enter  in,  since 
each  pixel  is  classified  as  either  containing  water  (100^)  or  not  (0%). 

The  value  of  p,  however,  did  need  to  be  determined.  It  was  found  that  the 
occurrence  of  false  alarms  was  Independent  of  the  value  of  p;  therefore, 
the  value  of  p which  maximized  the  detection  rate  was  selected. 

Before  describing  the  test  results,  we  present  here  a brief  discussion 
of  the  areas  which  were  assigned  to  each  pixel.  The  Instantaneouis  field  of 
view  of  the  ERTS  MSS  is  79  m X 79  m but,  since  the  data  are  oversanpled 
along  the  scan  direction,  there  is  overlap  in  the  ground  patch  covered  by 
successive  sanples.  Therefore , in  order  that  calculations  of  the  total 
area  of  an  ERTS  frame  not  exceed  the  actual  area  viewed  in  that  frame,  a 
smaller  effective  size  has  been  used  in  the  scan  direction.  However,  for 
the  problem  being  addressed  here,  where  the  area  for  only  one  class  in  the 
scene  is  being  estimated,  one  needs  to  consider  the  actual  ground  area 
viewed  by  each  pixel.  In  other  words,  if  a pond  smaller  than  79  m X 79  m 
is  contained  within  one  pixel  and  that  pixel  is  estimated  to  contain  50^ 
water,  the  estimated  area  of  the  pond  is  50^  of  79  m X 79  m and  not  50%  of 
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sane  snaller  effective  area.  Now  if  this  same  pond  was  seen  in  the  overlap- 
area  of  two  successive  pixels  it  would  be  inaccurate  to  use  the  79  m X 79  m 
area  for  each  pixel  since  sane  portion  of  the  pond  would  be  counted  twice. 

In  order  to  account  for  problems  of  this  sort  three  separate  pixel 
sizes  were  used  in  computing  estimated  area.  If  the  pixel  identified  as 
containing  sane  portion  of  water  in  excess  of  the  threshold  value  fell 
between  two  pixels  on  the  same  scan  line  which  also  were  identified  as 
containing  water,  the  pixel  size  for  area  estimates  was  assumed  to  be 
79  m X 57  m (the  57  m size  was  conputed  based  on  the  100  nautical  mile 
frame  size  and  number  of  sanples  per  scan  line) . "Water"  pixels  with  one 
"water"  nel^bor  along  the  scan  line  were  assumed  to  be  79  m X 68  m and 
"water"  pixels  with  no  "water"  neighbors  were  assumed  to  be  79  m X 79  m. 

Test  Results;  Using  the  three  processing  algorithms  described 
earlier,  three  water  classification  maps  were  generated.  These  are  shown 
in  Figures  4,  5,  and  6 for  the  multichannel  proportion  estimation,  single 
channel  proportion  estimation,  and  conventional  recognition  algorithms, 
respectively.  The  first  two  maps  are  printed  with  symbols  whose  density 
is  related  to  the  proportion  of  water  estimated  in  each  pixel  while  the 
conventional  recognition  map  Includes  only  a single  symbol  where  water  was 
detected  Implying  that  the  entire  ground  area  viewed  in  those  pixels  is 
covered  with  water. 

Upon  conparing  Figures  4 through  6 with  the  aerial  photograph  in 
Figure  1 it  is  clear  that  the  shape  of  the  water  bodies  was  more  accurately 
reproduced  on  the  multichannel  prcportlon  estimation  map  and  that  more  of 
the  small  bodies  of  water  are  detected  on  this  map.  In  fact  only  one  of 
the  bodies  of  water  was  totally  undetected. 


In  order  to  compare  the  area  estimation  results  achieved  on  individual 
water  bodies  using  the  three  algorithms,  we  present  Figure  7.  Here  we 
plot  on  the  vertical  axis  the  ratio  of  area  as  measured  from  the  photograph 
to  the  area  determined  by  automatic  processing.  On  the  horizontal  axis  we 
plot  the  shape  factor  which  we  define  as  a constant  times  the  area  divided 
by  the  perimeter  of  the  water  body.  Shape  factor  is  used  rather  than  area 
since  water  bodies  with  small  shape  factors  (because  of  large  perimeters  or 
small  size)  can  be  ejqjected  to  be  less  accurately  estimated  than  those  with 
large  shape  factors.  This  expectation  is  borne  out  on  examining  Figure  7 
which  shows  that  the  spread  in  accuracy  for  the  three  methods  is  small  for 
water  bodies  having  large  shape  factors  (relatively  fewer  boundary  pixels) 
and  generally  increases  for  smaller  shape  factors. 

The  area  estimate  accuracies  are  better  using  the  multichannel  propor- 
tion estimate  algorithm  in  almost  every  case.  There  are  a small  number  of 
cases  in  which  the  area  is  slightly  overesttmated  however  it  is  possible  that 
the  areas  measured  from  the  aerial  photograph  were  on  the  low  side.  In 
general,  the  results  using  the  conventional  recognition  algorithm  were  much 
inferior,  especially  for  the  smaller  shape  factor  water  bodies. 
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A summary  of  the  results  for  the  entire  test  site  is  shown  in  lh,ble  1. 
Here  we  see  that  31%  of  water  measured  fron  the  photograph  was  detected 
using  the  multichannel  proportion  estimation  algorithm  while  only  about 
85^  was  detected  using  the  other  two  algorithms.  This  difference  would 
have  been  larger  if  fewer  large  lakes  existed  in  the  scene. 


TABIE  1 

SUMMARY  OP  WATER  AREA  ESTIMATION  RESULTS 


Photointerpretation 

Eractlor 

Procec 

lal  Pixel 
lures 

Whole  Pixel 
Procedure 

3-Channel 

Proportion 

Estimation 

1-Channel 

Proportion 

Estimation 

Conventional 

Recognition 

Number  of  Water 
Bodies  Detected 

19 

18 

17 

13 

Total  Water  p 
Area  (Meters'^)  i 

i 

1,041,958  ; 

1>006,739 

892,118  ] 

879,120 

Percentage  of 
Photolnterpreted 
Area 

1 

100% 

97% 

i 

86% 

84% 

We  have  shown  that,  for  this  example,  more  accurate  water  siirface  area 
estimates  are  achieved  by  using  multichannel  proportion  estimation.  An 
exanple  of  the  successful  application  of  this  same  technique  to  a problem 
in  agriculture  is  described  in  Reference  3.  The  problem  described  there  is 
one  of  better  estimating  the  area  of  rice  fields  in  California  Vs  Sacrasrento 
Valley.  Our  plans  for  the  coming  future  are  to  continue  to  test  the  multi- 
channel proportion  estimation  algorithm  on  other  applications  so  as  to  better 
define  its  practical  utility. 

2.2.  ASSICMyENT  CP  PIXELS  TO  SPECIFIC  ANALYSIS  AREAS 

It  is  desirable  to  evaluate  the  accuracy  of  large-area  resource  surveys 
made  by  computer  processing  of  ERTS,  or  other  remote  sensor,  data.  Such 
evaluations  require  the  checking  of  recognition  results  for  areas  whose 
identities  are  known  from  field  observations  or  other  "ground  truth"  infor- 
mation sources.  Even  before  recogiltlon  processing,  the  training  of  the 
classifiers  usually  involves  the  use  of  other  areas  of  known  identity  that 
can  be  located  in  the  ranote  sensor  data. 
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The  location  of  specific  areas  and  assignment  of  pixels  to  individual 
fields  and  plots  is  more  of  a problem  in  EFEPS  data  than  in  airborne 
scanner  data  which  have  finer  spatial  resolution.  For  instance,  there 
are  less  than  600  ERTS  pixels  per  square  mile  and  a maximum  of  l8*  wholly 
within  the  boundaries  of  a 20-acre  field.  Section  and  field  boundaries 
are  frequently  indistinct  on  ERTS  data  displays;  consequently,  errors  are 
made  in  the  visual  location  of  fields  and  the  subsequent  assignments  of 
pixels . Pixel  mlsassignments  potentially  can  cause  errors  in  classification 
results  and  lead  to  incorrect  conclusions . Even  if  detected,  additional 
resources  are  required  to  correct  errors. 

Unlike  ERTS  photographic  products , the  bulk  digital  conputer-eonpatible 
tape  (CCT)  data  are  not  corrected  for  any  distortions  introduced  by  space- 
craft orientation,  sensor  characteristics , and  Earth’ s rotation.  (Bulk  data 
are  preferred  to  precision  CCT  data  for  recognition  processing  because,  in 
the  latter,  the  radiometric  accuracy  of  the  data  is  degraded  by  re-scanning. ) 
Therefore,  when  displayed  on  a line-printer  gray-tone  map  or  CRT,  substantial 
distortions  are  evident  in  bulk  CCT  data.  Square  sections  are  displayed  as 
parallelograms , and  other  distortions  are  present . These  distortions  increase 
the  difficulty  of  assigning  pixels  to  specific  ground  areas,  but  the  major 
cause  of  difficulty  is  the  relatively  large  Instantaneous  field  of  view  of 
the  MSS  scanner. 


The  problem  of  correctly  assigning  ERTS  pixels  to  specific  areas  is 
somewhat  different  from  two  related  pTOblems  which  are  under  investigation 
elsewhere  [Refs.  4-9].  Some  investigators  are  studying  the  cartographic 
aspects  of  ERTS  data,  e.g. , image  quality  and  techniques  to  digitally 
correct  ERTS  data  to  match  an  Earth  coordinate  system,  using  spacecraft 
attitude  information  and/or  ground  control  points  spread  throu^out  a frame. 
Others  are  studying  the  spatial  registration  of  data  from  two  or  more 
frames  that  cover  the  same  scene,  using  ground  control  points  and/or  image 
correlation  techniques . The  cartographic  studies  will  simplify  pixel 
asslgiments  for  areas  that  are  readily  identified  by  their  latitude  and 
longitude  coordinates,  but  do  not  directly  address  procedures  for  assigilng 
pixels  for  areas  that  are  only  identifiable  on  aerial  photographs . The 
spatial  registration  studies  will  expedite  the  transfer  of  field  coordinates 
from  one  frame  to  the  next,  but  again  do  not  consider  the  problem  of 
initially  assigning  pixels  to  fields  and  test  plots . 


Techniques  for  both  cartographic  correction  and  spatial  registration 
of  ERTS  data  move  data  values  from  their  original  positions  to  an  overlying 
grid  by  nearest-nel^bor  or  interpolation  rules.  Then,  the  assignment  of 
pixels  to  specific  fields  and  test  plots  can  take  place;  operations  on  a 
nearest-nei^bor  basis  increase  the  uncertainty  of  true  field  boundary 
locations , while  interpolation  degrades  radiometric  fidelity.  The  procedure 
described  here  warps  Earth  coordinates  to  match  ERTS  coordinates , effectively 
computing  the  location  of  each  pixel,  and  makes  pixel  asslgvnents  without 
any  movement  or  Interpolation  of  ERTS  data. 


Even  this  number  is  optimistic  because  the  ERTS  scan  lines  do  not  generally 
follow  field  boundaries . Further  the  oversampling  along  ERTS  scan  lines  means 
that  there  is  overlap  between  the  areas  viewed  by  the  scanner  for  adjacent  pixels 
and  thus  one  must  move  away  from  boundaries  to  eliminate  their  effects . 
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2.2.1.  PROCEDURE 

The  ERIM  procedure  [10 , 11]  for  the  conputer-aided  assignment  of  ERTS 
pixels  relies  on  an  enplrlcal  map  transfoimatlon  derived  by  least  squares 
calculations  from  a local  network  of  control  points  In  and  around  the  area 
of  Interest,  e.g.,  a 20  x 25-lan  area  on  a 15'  quadrangle  map.  These  con- 
trol' points  can  be  located  on  topographic  maps  and/or  on  aerial  photographs. 
Differing  scales  can  be  handled,  and  the  locations  of  control  points  and 
analysis  areas  on  the  maps  and/or  photogr^hs  can  be  obtained  on  a relative 
basis. 

The  enplrical  transfonnation  produces  rotations  to  account  for  the 
non-polar  orbit  of  ERTS  and  the  difference  in  orientation  between  Earth 
and  ERTS-data  coordinates,  and  also  corrects  for  effects  of  the  Earth’s 
rotation  and  other  sources  of  distortion  and  error.  In  a least-squares 
manner. 


The  conpute]>alded  procedure  was  developed  because  It  Is  often  diffi- 
cult to  distinguish  "by  eye"  the  comers  of  sections , fields , and  plots  of 
Interest  on  digital  displays  of  EKCS  data,  and  more  difficult  to  locate 
them  accurately.  lack  of  contrast  between  materials  and  any  banding  or 
striping  in  the  ERTS  data  can  conpllcate  matters.  On  the  other  hand, 
there  generally  are  some  road  intersections  and  other  features  in  the 
scene  around  and  within  the  areas  of  interest  that  can  be  distinguished 
readily  in  digital  displays. 


In  the  procedure,  we  typically  select  fifteen  to  twenty  distinguishable 
points  as  control  points  and  estimate  their  ERTS  line  and  point  numbers  as 
well  as  possible  by  Inspectlm.  Earth  coordinates  for  the  same  points  are 
determined*  from  a topographic  map  or  an  aerial  photograph.  A least-squares 
fit  of  Earth  to  ERTS  coordinates  reduces  the  error  in  the  estimated  location 
of  each  control  point  and  produces  a map  transformation 
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where  P and  L are  the  ERTS  data  coordinates  for  points  along  scan  lines  and 
for  scan  lines,  respectively, 

fay}  are  the  enplrical  transformation  coefficients, 

X and  y are  the  Earth  coordinates  to  be  transformed, 

and  bj^  and  bg  are  the  offset  parameters  to  account  for  different  origins. 


Digitization  Is  facilitated  by  the  use  of  an  x-y  digitizing  machine. 
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(A  polsmomlal  transformation  has  been  ccarputed  but,  thixsfar,  we  have  found 
that  terras  of  hl^er  than  first  order  are  not  sigilficant . ) 

The  above  transforraation  then  is  used  to  transfer  Earth  coordinates 
of  other  points,  fields,  or  plots  In  the  vicinity  to  their  corresponding 
ERTS  coordimtes.  For  several  purposes,  it  has  been  found  convenient  to 
place  pixel' designation  inforraation  in  a fifth  channel  added  to  ERTS  data. 

A companion  conputer  program  allows  us  to  define  each  training  or  test 
area  by  a polygon  with  an  arbitrary  number  (£63)  of  vertices  and  to  conpute 
which  ERTS  pixel  centers  lie  within  the  polygon.  Further,  there  is  a 
capability  to  move  the  polygon  sides  in  or  out  by  specified  distances  so 
as  to  include  or  exclude  pixels  whose  sigial  values  include  effects  of 
boundaries  between  scene  features,  for  exanple,  to  avoid  training  on  pixels 
that  represent  more  than  one  material.  An  illustration  of  the  effect  of 
this  procedure  is  presented  in  Figure  8,  A section  (1  mile  square)  in 
actual  ERTS  data  was  arbitrarily  divided  into  I6  40-acre  "fields".  Part(a) 
of  Figure  8 displays  as  blanks  the  pixels  selected  for  these  fields  when  the 
acceptance  polygon  was  inset  by  one-half  a resolution  element  on  all  sides.* 
An  average  of  22  pixels  was  selected  for  each  40-acre  field.  For  Part(b), 
the  inset  was  increased  to  three-quarters  of  a resolution  element,  and  the 
smaller  number  of  acceptable  pixels  (an  average  of  16)  in  each  field  is 
apparent.  Parts (c)  and  (d)  show  the  further  reduction  in  the  average  number 
of  acceptable  pixels  to  12  and  5 when  the  inset  is  increased  to  1 and  1.5 
resolution  elements,  respectively.  Figure  9 presents  other  sets  of  "fields" 
delineated  by  the  0.5  resolution  element  criterion;  field  sizes  of  640, 

160,  80,  and  10  acres  are  shown. 

As  noted  above.,  the  inset  of  one-half  a resolution  element  is  the 
theoretical  rniriiinum  needed  to  exclude  pixels  whose  radiometric  signals 
contain  boundary  effects.  A greater  inset  probably  should  be  used  in 
practice  because  of  possible  errors  in  the  location  of  the  control  points 
in  both  the  ERTS  and  Earth  coordinates  and  in  the  location  of  test  plot 
vertices  in  the  maps  or  photographs,  There  also  are  known  displacements 
inherent  in  the  ERTS  data  which  we  presently  do  not  explicitly  take  into 
account,  e.g.,  the  multiplexer  delay  in  the  spacecraft  which  introduces 
a displacement  between  the  six  scan  lines  in  each  mirror  sweep. 

2.2,2.  APPUGATICN 

A relatively  large  number  of  training  and  test  fields  were  identified 
mani;ially  for  use  in  recognition  processing  of  ERTS-1  data  for  an  agricultural 
problem,  before  the  computer-aided  procedure  was  developed.  Errors  in  the 
assignment  of  pixels  to  a few  fields  were  identified  during  the  course  of 
the  processing.  One  particular  exanple  is  presented  in  Figure  10. 


Note  that  the  inset  inust  be  greater  than  one-half  a pixel  dimension 
along  the  scan  line  since  the  actual  resolution  element  size  is  79  x 79  m 
even  thou^  the  sampling  rate  along  the  scan  lines  gives  an  effective  pixel 
width  of  approximately  57  m. 
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Section  roads  were  not  always  clearly  discernible  and  were  not  present 
along  all  sides  of  every  section,  so  several  section  lines  were  placed  on 
line  printer  maps  by  slaiple  interpolation  between  more  distinct  roads.  The 
section  in  question  is  located  on  a boundary  between  two  townships  and 
happens  to  be  less  than  one  mile  lor^  in  the  N-S  directicn.  Partly  because 
of  the  smaller  size,  the  lower  section  boundary  was  initially  placed  below 
the  true  boundary.  Figure  10a  presents  the  original  manual  assigtient  of 
pixels  for  four  fields;  the  correct  section  lines  are  shown  on  the  line 
printer  map  (of  EETS  Ba«i  5)  and  the  actual  field  boundaries,  as  obtained 
frcm  an  aerial  photograph,  are  mapped  on  the  ri^t.  Pielcte  21,  22,  and  23 
were  originally  mis-assigied  by  the  analyst.  After  poor  agreement  was 
observed  between  recognition  results  and  the  gisslgned  crop  types,  these 
field  delineations  were  checked  and  revised  nanually. 

After  the  coiiputer^-aided  pixel  assigment  procedure  was  developed,  it 
was  used  to  asslgi  pixels  to  these  san»  fields  with  a 0.5  resolutiai  element 
inset.  The  resulting  pixel  asslgratBnts  are  presented  in  Pigire  10b.  Note 
the  apparent  good  agreement  between  the  selected  pixels  and  the  field 
boundaries,  for  example,  around  the  notch  in  the  ijpper  rl^t-hand  comer 
of  Field  21  and  middle  of  Field  22.  In  this  example,  a USGS  topographical 
map  served  as  the  standard  coordinate  reference  for  several  road  inter- 
sections that  were  readily  identified  in  the  ERTS  data.  Hie  derived  trans- 
formation then  was  applied  to  the  standard  coordinates  of  the  section  comers 
to  locate  them  accurately  within  the  ERTS  data.  Field  vertices  were  deter- 
mined relative  to  these  section  comers  in  an  aerial  photograph  taken  at  the 
time  of  the  ERTS  pass.  These  relative  locations  of  field  vertices  then  were 
transformed  to  ERTS  coordinates  and  pixels  were  selected. 

It  is  difficult  to  make  a quantitative  assessment  of  the  accuracy  of 
our  procedure,  because  of  the  lack  of  an  absolute  knowledge  of  pixel  loca- 
tlcxis.  Ghe  attempt  was  made  using  a large,  distinctively  shaped  lake 
because  there  generally  is  a large  contrast  between  land  and  water  in  ERTS 
Band  7,  so  that  the  accuracy  of  boundary  locations  could  be  assessed.  CXir 
goals  were  (1)  to  select  only  those  pixels  that  were  completely  within  the 
lake  and  (2)  to  determine  whether  map-based  coordinates  of  the  shoreline 
features  could  be  accurately  placed  in  the  ERTS  data.  The  results  showed 
that  a good  job  was  done  in  selecting  only  water  pixels  and  that  shoreline 
featxrres  were  accurately  placed  around  the  lake.  The  average  accuracy  of 
positioning  was  clearly  better  than  one  pixel,  but  we  have  not  quantitatively 
determined  how  much  better.  The  results  encourage  use  of  the  procedure  for 
processing  of  ERTS  data. 

3.0.  TECHNIQUES  FOR  ENHANCING  THE  EXTRACTION  OF  LARGE-AREA  SURVEY  INFOmATIGN 

In  this  section  we  discuss  two  topics  vdoich  are  of  importance  when 
considering  the  monitoring  and/or  surveying  of  large  areas  . 

3.1.  EXTENSION  OF  CLASSIFIER  SIfflIATURES 

When  large  areas  are  surveyed  from  space,  there  exists  a higi  proba- 
bility that  environmental  and  observational  conditions  will  change  from 
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day  to  day,  frame  to  frame,  and/or  vflthin  a frame.  Resulting  changes  In 
signal  levels  received  from  each  class  of  surface  cover  can  result  In 
degraded  nachlne  classification  perforroance  and  reduced  quality  of  other 
extracted  Information.  One  way  to  combat  such  changes  Is  to  have  available 
substantial  amounts  of  groimid-truth  Information  throu^out  the  survey  area; 
however,  this  can  be  expensive,  Another  way  Is  to  adjust  the  classifier 
signatures  dhd/or  data  to  counteract  the  effects  of  the  changes;  we  call 
techniques  that  Implement  such  changes  "signature  extension"  techniques. 

In  this  section,  we  discuss  the  lirproved  results  obtained  with  signature 
extension  techniques  when  signatures  extracted  from  one  day  were  applied  to 
data  from  the  preceding  day  over  the  same  area.  Different  amounts  of 
atmospheric  haze  were  present  on  the  two  days  and  the  ERTS-l  scan  angles 
were  toward  opposite  sides  of  the  frame.  Both  an  errplrlcal  procedure  and 
a theoretical  procedure,  utilizing  calculations  of  atmospheric  effects 
with  a radiative  transfer  model,  were  used  to  adjust  Day  1 signatures 
before  they  were  applied  to  Day  2 data,  and  both  ixprpved  classification 
accuracy. 

The  results  presented  here  are  from  an  Initial  exercise  of  our  signa- 
ture extension  techniques  on  ERTS-l  data.  Only  recently  did  we  obtain 
access  to  ERTS-l  data  sets  suited  for  evaluation  of  the  procedures , We 
need  data  on  two  different  days  over  the  same  well  ground-truthed  site, 
with  different  amounts  of  haze  present  on  the  two  days,  A data  set,  being 
used  In  a study  In  which  we  are  participating  under  the  NASA  SR&T  program 
of  the  Johnson  Space  Center,  met  these  criteria. 

Classifier  signatures  were  obtained  for  trees  and  crops  on  one  day 
and  applied  directly  In  processing  data  from  the  preceding  day.  Classi- 
fication performance  was  degraded  because  the  different  amount  of  haze 
present  and  different  observation  geometries  changed  the  magnitude  and 
spectrum  of  the  signals  received  by  ERTS-l,  By  applying  certain  signature 
extension  procedures,  we  were  able  to  adjust  the  signatures  used,  lirprove 
the  classification  perforraance,  and,  thereby,  extend  the  original  signatures 
to  the  second  day. 

To  help  describe  the  signature  extension  techniques  enployed,  the 
following  example  of  tree  recognition  is  given.  First,  an  area  that  was 
100^  classified  as  trees  on  the  first  day  was  found  and  outlined  on  a 
recognition  map.  When  the  Day  1 signatures  were  applied  to  the  Day  2 data, 
only  67^  of  the  picture  elements  (pixels)  were  correctly  classified  as 
trees  (symbol  6 on  Figure  11a) . Then  the  signatures  were  adjusted  by  an 
amount  determined  by  subtracting  the  mean  level  of  signals  over  a larger 
nearby  area  on  Day  1 from  the  mean  levels  caiputed  for  the  same  area  on 
Day  2.  A different  adjustment  was  made  for  each  channel.  The  adjusted 
signatures  were  used  in  the  classifier  and  the  classification  percentage 
increased  to  11%  (Figure  lib). 
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Photometer  readings  had  been  made  on  the  two  days  at  the  time  of  the 
ERTS  passes.  These  readings  were  used  to  calculate  an  optical  depth  at 
each  wavelength  for  each  day.  I2r.  Robert  Turner  of  ERIM  used  his  radiative 
transfer  model  [12]  to  conpute  total  radiance  and  path  radiance  quantities 
for  those  optical  depths  and  observation  geometries . We  then  confuted 
slgiature  adjustments  based  on  the  model  calculations  and  applied  them  to 
the  Bay  2 data.  The  result,  shown  in  Figure  11c,  is  that  QQ%  of  the  pixels 
in  the  area  were  classified  as  trees. 

The  above  example  is  one  of  the  more  dramatic  cases  observed  but, 
nevertheless,  is  indicative  of  the  trend.  The  centers  of  a total  of  27 
wooded  areas  were  delineated  and  tested.  As  shown  in  Table  2,  the  average 
classification  accuracy  fell  from  96%  to  88^  for  no  adjustment  of  the 
signatures.  The  two  signature  extension  techniques  increased  the  correct 
classification  accuracies  to  92%  and  9X%,  respectively. 


TABLE  2 

SUMMARY  OF  CLASSIFICATION  RESULTS  FOR  ONE 
AREA  VIEWEP  ON  TWO  SUCCESSIVE  DAYS 


SIGNATURES 

DATA  SET 

WHEAT 
% CORRECT 

TREES 
% CORRECT 

DAY  1 

DAY  1 

OQ 

96% 

DAY  1 

DAY  2 

65% 

OO 

oo 

* 

DAY  1 

DAY  2 

71% 

92% 

DAY  1** 

DAY  2 

78% 

91% 

NO.  TEST  AREAS 

10 

27 

*EMPIRICAL  MEAN  lEVEL  ADJUSTMENT 
THEORETICAL  LEVEL  ADJUSTMENT 


(Photometer  Plus  Model) 


Results  for  field-center  pixels  of  ten  wheat  fields  also  are  presented 
in  Table  2.  Here,  again,  the  accuracy  fell  from  87%  to  65%  with  no 
adjustment,  and  rose  to  71%  and  78%  for  the  two  tspes  of  signature 
extension  procedures . 
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These  prellralnary  results,  in  our  opinion,  danonstrate  that  the 
atmosphere  poses  a problem  for  accurate  machine  classification  with  ERTS 
data  over  lai^e  areas  and  indicate  that  steps  can  be  taken  to  alleviate 
the  degrading  effects  of  the  atmosphere.  However,  more  analysis  is 
required  to  obtain  a better  understanding  of  the  sensitivity  of  classi- 
fication results  to  signature  adjustments  and  other  signature  extension 
procedures  and  to  develop  efficient  and  accurate  procedures  for  deter- 
mining and  implementing  corrections.  The  next  section  discusses  seme  of 
the  insights  gained  to  date  regarding  the  atmospheric  effects. 

3.2.  ANALYSIS  OP  ATMOSPHERIC  EPEECTS 

The  atmosphere  significantly  affects  the  amount  of  energy  received 
at  the  ERTS  satellite,  both  with  an  additive  path  radiance  term  and  an 
attenuating  effect  on  signals  fron  the  Earth's  surface.  As  seen  in 
Plgure  12,  path  radiance  constitutes  over  50^  of  the  signal  from  an  8% 
reflector  in  ERTS  Band  4 (l.e.,  at  0.55  pm)  and,  proportionately,  it  is 
even  greater  in  signals  from  darker  surfaces.  Althougn  atmospheric 
effects  are  reduced  at  the  longer  wavelengths  of  ERTS  Bands  6 and  7, 
they  still  are  significant.  Seme  indications  of  the  relative  magnitudes 
were  presented  in  our  earlier  paper  at  the  ERTS  Synposlum  in  March, 

1973  [2]. 


Plgure  12  also  was  presented  in  the  March  paper  , but  is  repeated 
here  because  it  exhibits  some  of  the  major  dependencies  of  path  radiance 
and  total  radiance  that  are  pertinent  to  a discussion  of  signature  exten- 
sion over  large  areas.  It  represents  calculations  made  with  the  radiative 
transfer  model.  Plrst,  we  see  that  the  path  radiance  depends  upon  the 
amount  of  atmospheric  haze  present,  here  denoted  by  horizontal  visual 
range.  The  effect  of  haze  on  total  radiance  at  the  satellite  is  less 
than  on  path  radiance,  because  of  the  cempensating  effects  of  atmospheric 
transmittance  which  decreases  as  the  amount  of  haze  increases. 

The  other  important  effect  in  Plgure  12  is  the  scan  angle  effect. 

There  is  a tendency  to  dismiss  scan  angle  as  being  an  unimportant  oon- 
slderation  in  ERTS  data,  because  the  scan  is  only  ±5.5°  from  nadir  and 
frequently  only  fractions  of  fhames  are  analyzed.  However,  the  theoretical 
calculations  shown  here  have  a noticeable  scan  angle  dependence  from  one 
side  of  a frame  to  the  other,  an  effect  which  is  intensified  by  an  increase 
of  haze. 

Por  the  data  set  described  in  Section  3.1,  the  scene  was  viewed 
approximately  4°  to  the  East  of  nadir  on  Day  1 and  3°  to  the  West  of 
nadir  on  Day  2.  Photometer  readings  were  used  to  establish  optical  depth 
vs.  wavelength  profiles  for  the  two  days.  These  profiles  differed  from 
our  standard  atmospheres  which  are  labeled  by  horizontal  visual  ranges. 
Visibility  readings  of  19  km  and  24  km  were  recorded  at  airports  in  the 
vicinity.  Theoretical  radiative  transfer  model  calculations  for  an  assumed 
average  background  albedo  distribution  resulted  in  a signature  adjustment 
vector  that  includes  effects  for  the  differences  in  both  optical  depth 
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and  scan  angle,  and  its  application  resulted  in  the  inproved  classification 
accuracy  already  noted,  even  thou^  its  magnitude  is  only  a few  percent 
(or  less)  of  the  avera^  signal  value  in  each  band. 

Another  important  factor  in  path  radiance  is  the  average  background 
surface  albedo  that  applies  for  any  given  observation.  Figure  13  illus- 
trates how  surface  albedo  affects  the  variations  in  received  signals  at 
0.55  ym  (Band  4).  It  is  very  Interesting  that,  for  low  albedo,  an  increase 
in  haze  (shorter  visual  range)  can  decrease  the  signal  in  space,  while  the 
opposite  effect  is  true  for  high  albedos. 

We  Intend  to  examine  in  more  detail  the  sensitivity  of  classification 
performance  to  adjustments  of  slgaatures,  in  an  effort  to  inprove  pro- 
cedures. While  the  slsiature  adjustment  procedure  effectively  applies  the 
same  correction  to  all  slgtals , independent  of  their  magiitudes , a more 
general  procedure  would  apply  to  each  observation  a preprocessing  trans- 
formation that  could  depend  on  the  signal  magnitude, 


Another  preprocessing  transformation  that  we  have  applied  to  aircraft 
multispectral  scanner  data  for  several  years  [13],  and  more  recently  to 
ERTS  data  [l4],  is  ratio  preprocessing,  l.e.,  the  coirputatlon  of  ratios  of 
signals  in  different  channels  for  use  as  classifier  inputs  and/or  for  image 
enhancement.  Ratios  of  signals  are  mohe  closely  related  to  ratios  of 
spectral  reflectances  of  scene  objects  if  path  radiance  contributions  are 
subtracted  before  the  ratios  are  conputed.  One  method  developed  at  ERIM 
for  approximating  path  radiance  is  the  use  of  the  lowest  bonlflde  signal 
level  in  each  band.  In  Bands  6 and  7,  water  signals  are  usually  the  lowest 
received.  Figure  l4  presents  a manual  contour  of  water  signals  extracted 
for  Band  6 from  approximately  30  water  bodies  throu^out  one  frame.  The 
dots  indicate  the  sanple  points  and  the  contour  numbers  are  ERTS  data 
values.  The  contour  pattern  agrees  with  the  pattern  of  airport  visibility 
readings  from  the  five  cities  noted  on  the  frame. 

4,0.  CGNCLUSICNS 


In  conclusion,  we  have  discussed  several  techniques  which  potentially 
can  improve  the  quality  and  quantity  of  information  extracted  from  ERTS 
data.  We  believe  that  the  continued  development  of  interpretive  techniques 
and  their  incorporation  into  explications  efforts  in  many  disciplines  is 
important  to  the  success  of  operational  Earth  Observation  systems. 
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OPERATING  CHARACTERISTICS  OF  PROPORTION  ESTIMATION  (3  channel) 
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PIGUEE  4 

PROPORTION  ESTIMATE 
WATER  RECOGNITION  MAP 

(with  ERTS  Bands 
4,  5,  and  7) 
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PI6UFE  6 

CONVENTIONAL 
WATER  RECOGNITION  MAP 

(with  ERTS  Bands 
4,  5,  and  7) 
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ACCURACY 


SHAPE  FACTOR 


COMPARISON  OF  EFFECT  OF  SHAPE  FACTOR  ON 


AREA  ESTIMATION  OF  WATER  BODIES 

PIGRJRE  7 
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Part  (a)  0.5  INSET 


Part  (b)  0.75  INSET 


Part  (c)  1.0  INSET  Part  (d)  1.5  INSET 

IFFECT  OF  INSET  PARAMETER  ON  PIXEL  SELECTION  FOR  40-ACRE  FIELDS 
(Inset  Parameter  is  Measured  in  MSS  Resolution  Elements) 

FIGURE  8 
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EXAMPLE  OF  FIELD  LOCATION  IN  ERTS  DATA 

FIGURE  10a 


COMPUTER-AIDED  ASSIGNMENT  MAP  OF  FIELD  BOUNDARIES 


EXAMPLE  OF  FIELD  LOCATION  IN  ERTS  DATA 

FIGURE  10b 


1768 


BENTON  RD. 


I U H it  H li  i(  U I I V.  tii  I H CD  ] 

• M <1  H n ii  ti  03  J ) I ■ mj 

'K-  -ji-SRSi®  j 6?  •»•  1 • • asaffT^fTrfn 

*«*-*—*  • CTjmcn  1 
«<>■«■«  «•  * * li  cDcnm 

5?!  «#«•«■»  <i-  II  trcr  1 

“»>  -a-  «•— — I II  (Ttcr  \ 

■>>—  *;<•  * ■«•—  -Jr  * “{.‘———11^1130;  1 
-1 

« * — i I U lil  CJ3XfT  1 

«E»‘7fv'3  I «t*  IlfcOinitT  1 
€:»»  ■»  * •«•  »«*  1 ejtWBw  iitencnmtr  i 

• 5-j  > c-r i:  {M  » iTffijmcr  n 

• F£  ■*  iirZ’i  \ fr.-:^  ■ -.T*  «i  Ji^cr  i 

• ti;  I I “«•  rrt  ji  ij.r-  ,?•  » (Tyner  1 
\ gfiTci  w^  mm«  * cr)Tuinrfn:t  g 
JT.*  • • s nm  Hi  iTi  in  CT3  03  o*  “.  > fTj  0 c'. 

• • » • SI  cncnenfriiTi  1 (TicDCDfT.a  :: 

• » nim  \ mm 030303  i 03m a n 

— I I HTnfmmmmm  i menmma  >-; 
-*  «■  r II  I m r.3  u 3 m 03  men  mm  m a «1 

— -ft  * II  mmrr.rruntnx  l mm  mo  n 
I •«■  II  mmoimm  1 • i 1 mme  a 

II  II  I • mmmftmm|y2-.j3  i Umrrz 

• • I I mmmmmfq*  f 

— — '-cr  m I mojrncq*  v-  r:*:-  t 
II  !i  I i!  ;m.T  .mm tj crier  * k .t*  i 
»1  i m CD  » n;  mrn  m m OjIx  » ^ s 

m 03  I I ^cD ^ • 
mmcDct*  mmp^nisc?*c::^ii£r  c\ 
m r I Q3Q3  * mkDBSi^-rFammmc  c 
mmcDmoD*  • • assa*  cdcdcdc  c 


1 1 


ft  •H’  «>  -HI-  * ft'R  4ij»ofcww'Wf»w‘»  u 11  mmmmm 
. ^■ftftftftft--ftft-'ftft  ft  ft  « ft  ft  ww  ft  9P  ft  II  frmmm 

i/r  ftftft  • • ftftftM*  • «•  ftftftmmmrhm  • 
ft  u u « « uassa^  mmu  »»  ft*  cr.mmmmii  « 


! II  II  II  II  9Jtft 

II  II  H II  mW  CT 
t # ft  « • (I  mF 


In  II  m II  rr.mm  n I 
' • m»  mm  mm  I 


imnifnirimmlii  n mexr* 


ifos  ft  ft— ft»-**  • Imm.mmmm  In*  p*  «■■«■•  • m 
[i.  ft  ft  ft»-.^j-,«  iijrhmmmmm  In*  wftftumm 
If.  ft  ft  ft«_M.H— • In  mmmmm  in  * • ft  ft  h m* 
ij«*.-*  ft— ^ i mm  im  n m ft  ft  n m* 

ft  ft jnmti mm  TmTjii  11  O) 

If  ft  ft  ft«*---^|ir7iTii  mmm  mmnjii  mil* 
ft — n.iM  u mmmmmm  ml  mm« 
II  1(1  n 11  mmmmmmrr|»i  mmt»  11 
ftwiftw  B*fg  n I mm  mmmmm  m (Tim  ii  mu 
ftwsrfi  II  It  TT^fjrnmmm  mmm.Tr|m  n u 
!»  II  u i«p;*  11  nlii  mmfnmmmmrrfn  ii  nmii 
ff*  II  ii  PTfWpi*  H tiln  mmmmmmmm;inii  ii m « 

IT*  n m*  * mm  i]rT?mmmmmmmmmmiT|ti  m ii 

Pirmmmmmmmmmrnmmm  « mm  11  11  mm 
03m  mmmrnmmm  mn  mm  n m ii  ii 

mmm  m mmmmmmmmii  11  m u • 
mmm  mmmmmmmmmmu  nm*  » » • 
ii  mmmmm  mmmmm  11  mmmm  »JUiJii  • « 
n mmmmmmmmmmmmmmmm  iilu  »r  n • 11 

Bn  n mmrnfr.mmmmmfrjil  li  11  • 

.11  MM  II  II  mu  11  cnmmm'  11  • •’ 
wf*{?il»fliW«r*  ummil  11  H*  • • 

niff  ftntet»«»PTpr  II  li  ii  it  a* 

• «»««  Gvma  II  ii*  II  1 

JilWMflXCi  0f  * SI  H It  II  It  II  .1 

11  stadia  • m*  H mmm  ti  11 1 
amrnsimmmmmmmm  h n 11  * 
a*  • 11  mmmmmmii  11  n m u t 
II*  • • atc« lu. {fill 0)  mmmmH  ii  u a ii  1 


« ^ 
s s 


r ft  ft  ft  ft  ft  ftft  ft  ftaftwsi  wasia®*  ii  ii  mmmm 
Ml- ft  ft  ft  ft  ft  ft  ft  ft  ft  w •pfftaftii  mmmm 
ftftft  • ftftftiR*  « ac*  ft  ft  ft  m mmm  * 


II  » II  11  Prmw  mm  n.it  n ft*  mmmmm  n it 
I n 11  11  II  11  II  11  w « II  n rfimm  n ii  11  m 11  mmcti  11 

• ii  II  II  11  m n m III  m u 11  » mm  m 

Tftfff  ftft  * • II  nffh  11  ffi'Vi’mmm  « u«  • • mmm 

»■  ft  ftw  ft  ft— ft— * • jrnmmmmm  u*  ssftft*  um 

f.  ft  ft  ft  ft  H jrimmmmm  n • mftftH 

f.  ft  ft  ft  ft  ft-.-.,^^*  ij)  rnmmmm  » • • -immi  • 
f-ftft— i mm  m II  * ft  ft  II  m* 

s ft  ft,.,  ft  ft  ft»^— 11  iTImmm  mTH  II  11  n 
- ft  ft  ft  ft  ft — ^^.^irnrn  mmm  mm  « u mu* 
-ftftwftift«  tiln  II  iirnmm  mm  11 

tftftprarm  u In  n n rnmmmmm  u n ti 

fft  ftWP'Pr  wngiii  , mmmmrnmm  « mu 

1-  ftwrmw  H aifij » 11  u itjmmmm  mmm  i 11  it 
i-ftp;  It  II  wiwr*  If  iiln  mmmmmmmm«v»i  11  mu 
• • H II  wGTw*  H.tiln  mmm.m  II  mmmTnii  urn  11 
q>,  n m«  * mmufmmm.mmrn  mmmmm^ii  m u 
ill II  u rnmmmmm  mmm  m il  11  mm  11  iimm 

• iilmmm  mmmmmrn  n 11  mm  mu  ii  11 

u«j«  mmm  m mmm  ummu  11  rnuu  n 

iifTi  mmm  m mmm  mmmiiii  Tin  • 

(tin  mm.mm  mmmmm  11  ti  mmmm  ujudu  • 11 


mmrnrnm  mmmm 


mmm  iilii  ti  11  # ii 


-u  mmmmm  « ii  n mmmm  mmmmfrtii  it  11  11  it 
» mmmmrritrt  n n n rb  11  n ainimnj  II  • • 
enm  mmrri*  sraamsiaa*  u mmu  li  11  • ♦ 

oil  mmmo|*  aaftaiff  nwmi  ti  it  li  • « ii  li 
I 11  mmmmmoimitsisvft*  • « aa  it  11*  • ii  ii 
) iiU^rnmn^ii  nmmmm  • a*  mi  li  it  ii  a li 
« ummeii^apT  U aa«st*  « m*  a 11  mm  a a a 
a iimniWasrwm  • ammmmmmmm  a a a a 
I u CQLl£]Ji3ecsc«8i*  « ii  mmmmmmii  ii  a a u a 
I II  a • li  II  afixoc  a • m u m mmmm  a a a a a 11 


i o 


1769 


FIGURE  12 


COMBINED  SCAN-ANGLE  AND  VISUAL-RANGE  EFFECTS 
ON  RADIANCE  AT  SATELLITE,  O.SS^m 
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SPECTRAL  RADIANCE  L(mW/cm^.sr-)im) 


FIGURE  13 


DEPENDENCE  OF  RADIATION  AT  SATELLITE 
ON  VISUAL  RANGE,  0.55/im 
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WATER  SIGNAL  CONTOURS,  ERtS  Band  6 
(Frame  1033-15580) 

PIGIffiE  14 
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INTERPRETATION  OF  ERTS-1  IMAGERY  AIDED  BY  PHOTOGRAPHIC 
ENHANCEMENT 

U.  Nielsen,  Research  Scientist,  Forest  Management  Institute,  Canadian  Forestry  Service, 
Department  of  tite  Environment,  Ottawa,  Canada 


ABSTRACT 

Agfacontour  film  can  be  xised  to  produce  relatively  economical 
enhancements  of  density  differences  recorded  on  film.  Image 
interpreters  often  ask  whether  enhancement  really  increases  the 
information  content  of  the  original  images.  Exan^iles  of  ERTS-1 
imagery  enhancements  show  that  it  is  possible  to  separate  density 
levels  which  are  not  discernible  by  the  human  eye.  It  is  stressed 
that  these  techniques  do  not  replace  the  photo  intearpreter,  but 
rather  they  aid  him  in  the  interpretation  process.  Subtle  density 
variations  are  made  to  stand  out  and  an  objective  classification 
of  the  densities  forming  the  image  is  produced. 


INTRODUCTION 

Agfacontour  Professional  is  a two-emulsion  black-and-white  copying  film 
which  can  be  used  in  photographic  enhancement  to  separate  or  extract 
selected  density  levels  from  negative  or  positive  images  recorded  on 
film.  The  principles  of  the  technique  were  described  by  Ranz  and 
Schneider  (1971),  Nielsen  (1972)  and  others.  The  main  advantages 
of  the  Agfacontour  technique  and,  of  most  photographic  enhancement 
techniques  are; 

- simplicity  (no  other  equipment  than  that  found  in  conventional 
photographic  darkroom  is  required); 

- high  resolution  (similar  to  standard  photographic  reproductions); 

- accuracy  and  repeatability. 

Photographic  techniques  are  slower  than  electronic  techniques  in  producing 
enhancements,  but  this  disadvantage  is  offset  if  hard  copies  are  required. 

A key  question  in  the  jiastification  for  production  of  enhancements  by  any 
method  is  whether  the  colour  reproductions  are  just  more  iB5>ressive 
representations  of  readily  discernible  density  variations  within  an  image, 
or  whether  these  colours  really  represent  variations  vdiich  are  not  easily 
identified  on  the  original.  I shall  try  to  answer  this  question  with 
some  examples  of  ERTS-1  imagery  (at  a scale  of  1:1,000,000)  and  respective 
Agfacontour  enhancements. 


INTERPRETATION  AND  DISCUSSION 

In  Figure  1 is  band  6 of  the  first  ERTS-1  image  received  in  Canada. 
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Figure  2 is  an  enhancement  of  this  image*  The  difference  between  the 
deep  and  shallow  lakes  on  the  western  and  eastern  parts  respectively 
are  immediately  apparent  on  the  enhancement.  I do  not  know  whether 
water  depth  is  the  only  cause  for  this  difference.  Measured  on  the 
original  image,  this  difference  in  density  amotmted  to  0.05  units  in 
the  density  scale  ranging  from  about  0 to  3.  A recent  bum,  which 
might  be  mistaken  for  a lake  on  the  original,  also  stands  out  distinctly 
on  the  enhancement. 


In  Figure  3 the  sediment- loaded  water  of  the  Mackenzie  River  delta  is 
discernible  of  the  original  image.  The  enhancement  (Figure  4)  suggests 
the  possibility  of  a relative  quantification  of  these  sediments.  The 
green  colour  of  the  sediment  flowing  into  the  larger  lake  (upper  right) 
can  be  related  to  the  green  colour  of  the  river  on  the  upper  left  comer. 
In  general,  blue  represents  clear  water. 


$ 


Figure  5 is  a copy  of  band  4 of  an  ERTS-1  frame  covering  the  area  between 
Ottawa  and  Montreal.  The  Ottawa  River  is  imaged  in  two  distinct  grey 
tones.  The  boundary  between  these  tones  is  the  Carillon  dam  slightly 
to  the  right  of  the  image  center.  The  exact  reason  for  this  difference 
is  not  known,  but  can  probably  be  attributed  to  different  amounts  of 
suspended  materials.  The  stretch  of  the  river  west  of  the  dam  is 
subjected  to  the  greatest  pollution  pressures  from  mimicipal  and  industrial 
(pulp  and  paper)  waste  disposal.  The  enhancement  (Figure  6)  does  not  add 
to  this  finding  although  it  more  dramatically  and  colourfully  separates 
the  different  grey  levels.  But  a distinct  boundary  in  the  forest  cover 
north  of  the  river  is  apparent.  A change  in  species  con5)osition 
occurs  toward  the  east  in  the  transition  from  the  Middle  Ottawa  to  the 
Laurentian  Forest  Sections.  The  average  difference  in  density  between 
the  western  and  eastern  part  (blue  and  green)  on  the  original  is  about 
0.07  density  units.  Also,  a difference  in  the  woodlots  south  of  the 
Ottawa  River  is  apparent.  On  the  western  half,  forests  and  woodlots  are 
reproduced  in  a higher  density  than  in  the  south-eastern  half  (green  and 
yellow  respectively  on  the  enhancement).  This  could  be  explained  by  a 
reduction  of  conifers  towards  the  southeast. 

These  enhancements  are  also  good  exanples  of  the  danger  of  generalized 
statements  such  as  **blue  is  water*’  and  ”green  is  forest”.  This  type  of 
interpretation  or  description  can  be  very  misleading.  Oiie  colour  can 
represent  several  features  or  conditions,  or  a particular  condition  or 
feature  can  be  represented  by  several  colours.  Good  examples,  on 
Figure  6,  are  blue  (water  and  forest),  green  (water  and  forest),  yellow 
(water,  forest  and  fields)  and  red  (water,  fields,  and  urban  Montreal). 


Figure  7 is  a copy  of  band  5 of  the  same  scene  shown  in  Figure  5.  The 
differentiation  in  the  Ottawa  River  water  is  not  evident.  On  the 
enhancement  (Figure  8),  this  difference  again  becomes  obvious.^  The 
density  difference  measured  on  the  original  was  0.04  density  units.  Also 
the  transition  of  one  Forest  Section  to  the  other  is  apparent,  as  is  the 
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difference  between  the  woodlots  south  of  the  Ottawa  River. 


Figure  9 is  a reproduction  of  band  6 of  the  same  scene  as  that  shown  in 
Figures  5 and  7.  Most  of  the  information  on  :l^orest- cover  differences 
is  not  evident.  Water  also  has  an  apparently  even  density.  But  in  the 
enhancement  (Figure  10)  there  is  a density  difference  in  water.  Densito- 
meter measurements  revealed  that  the  difference  between  the  areas 
reproduced  in  light  and  dark  blue  on  the  enhancement  have  a density 
difference  of  0.03  density  units  on  the  original.  Also  apparent  on 
the  enhancement  is  an  halation  effect  from  the  rivers.  This  was 
probably  due  to  the  reproduction  technique  used  to  obtain  the  original 
image  (overshooting  of  the  autododging  system)  . 

Figure  11  is  the  same  enhancement  as  shown  in  Figure  10,  except  that 
one  density  slice  was  replaced  with  one  density  slice  of  the  enhancement 
of  the  band-5  image.  This  introduces  the  southwest-to-northeast- 
running  strips  of  woodlots  into  the  composite. 


CONCLUSIONS 

It  is  evident,  that  photographic  enhancements  increase  the  information 
content  of  black-and-white  images.  But  enhancements  do  not  replace 
the  photo  interpreter.  By  making  an  objective  classification  of  the 
densities  forming  the  image,  enhancements  can  aid  the  photo  inteipreter 
who,  by  conventional  interpretation  of  the  original  image,  still  has  to 
decide  what  features  and  conditions  on  the  ground  correspond  to  the 
individual  densities  reproduced  in  the  enhancement. 
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Figure  2.  Photographic  enhancement  of  the  Labrador  image  in  Figure  1. 
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Figure  7.  ERTS-1  image 


5,  of  the  Ottawa-Montreal  area 
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A TECHNIQUE  FOR  CORRECTING  ERTS  DATA  FOR  SOLAR  AND  ATMOSPHERIC 
EFFECTS 

Robert  H.  Rogers,  Keith  Peacock,  and  Navinchandra  J.  Shah,  Bendlx  Aerospace  Systems  Division,  Ann 
Arbor,  Michigan 


ABSTRACT 

A technique  is  described  by  which  ERTS  investigators  can  obtain 
and  utilize  solar  and  atmospheric  parameters  to  transform  space- 
craft radiance  measurements  to  absolute  target  reflectance  signa- 
tures. A radiant  power  measuring  instrument  (RPMI)  and  its  use 
in  determining  atmospheric  paramaters  needed  for  ground  truth  are 
discussed.  The  procedures  used  and  results  achieved  in  processing 
ERTS  CCTs  to  correct  for  atmospheric  parameters  to  obtain  imagery 
are  reviewed.  Examples  are  given  which  demonstrate  the  nature 
and  magnitude  of  atmospheric  effects  on  computer  classification 
programs. 


INTRODUCTION 

The  need  for  target  reflectance  signatures  evolves  from  the  needs  of  individual 
Principal  Investigators,  NASA’s  requirements  to  correlate  results  of  a large  num- 
ber of  investigators,  and  the  pre-conditions  of  wide-area  extrapolations  of  ground 
truth  data  for  automatic  data  processing  techniques.  Target  reflectance  data  are 
needed  by  all  man  and  machine  systems  to  obtain  the  unambiguous  interpretation  of 
ERTS  data.  In  response  to  the  need  for  absolute  target  reflectance  signatures,  this 
Experiment  MMC  655  is  evaluating  the  capabilities  of  a wide  range  of  techniques  for 
determining  and  removing  solar  and  atmospheric  parameters  and  effects  from 
ERTS  data.  Techniques  being  evaluated  include  (1)  transferring  known  ground  re- 
flectance to  spacecraft  measurements,  (Z)  using  the  ground-based  Radiant  Power 
Measuring  Instrument  (RPMI)  to  measure,  directly,  the  needed  solar  and  atmos- 
pheric parameters,  (3)  using  spacecraft  data  alone  (with  little  or  no  auxiliary  in- 
puts), and  (4)  using  radiation  transfer  models  employing  inputs  such  as  surface 
pressure,  ground  visibility,  temperature,  and  relative  humidity.  This  paper  evalu- 
ates the  RPMI  technique. 
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ATMOSPHERIC  PARAMETERS 


The  desired  reflectance  information  is  difficult  to  obtain  directly  from  the  ERTS 
sensor  radiance  measurements  because  these  measurements  are  a function  of  un- 
known solar  and  atmospheric  parameters  caused  by  the  intervening  atmosphere, 
and  these  parameters  vary  significantly.  The  radiance,  L,  sensed  by  the  space- 
craft sensor  from  a given  target,  depends  not  only  upon  the  reflectance,  p,  of  the 
target,  but  also  upon  the  target  irradiance,  H,  and  upon  the  spectral  absorption 
and  scattering  of  the  atmosphere  between  the  target  and  the  spacecraft.  This 
atmosphere  attenuates  the  radiance  reP  ected  from  the  target  to  the  spacecraft  and 
adds  to  the  foreground  radiance  by  backscatter  of  sunlight  from  the  atmosphere. 
The  composite  radiance,  L»,  recorded  within  an  ERTS  band  for  a spacecraft 
looking  vertically  is,  therefore,  related  to  the  desired  target  reflectance,  p,  and 
to  the  solar  and  atmospheric  parameters;  H,  t,  and  by: 


L =-^  H T + L. 

IT  A 

where  t is  the  beam  transmittance  for  one  air  mass. 


(1) 


The  target  irradiance,  H,  has  two  components;  one  caused  by  the  direct  sun,  de- 
noted Hguis^  cos  Z (in  which  is  the  irradiance  on  a surface  normal  to  the 

sunVs  rays  and  Z is  the  solar  zenith  angle)  and  a component  caused  by  the  sky, 
denoted  Expanding  H of  Equation  1 in  terms  of  the  direct  sun  and  sky  com- 

ponents and  solving  the  equation  for  p results  in 

(L  - L^)  • ir 

" ' ^ <«SUN  ^ + ”SKY> 


For  a remote  sensing  system  looking  vertically  downward,  r is  the  atmospheric 
transmission  of  one  air  mass.  If  m is  the  number  of  air  masses  referenced  to  the 
zenith  air  mass  (for  which  rti  = 1),  the  atmospheric  transmission  through  some 
other  value  of  m is  given  by  The  direct  sun  component  of  target  irradiance, 

HguN>  Equation  2 can  be  subdivided  as 


^SUN  " 


m 


(3) 


in  terms  of  the  solar  irradiance  normal  to  the  sun's  rays  outside  the  atmosphere, 
Hq.  Combining  Equations  2 and  3,  the  desired  target  reflectance,  p,  in  terms  of 
ERTS  radiance,  L,  measurements  is 
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( L - L^)  . tr 


(4) 


P 1X1  * 

T (H^  T COS  Z 

where  r p m,  cos  Z,  and  Hgj^y  are  the  solar  and  atmospheric  parameters 

that  must  be  known  to  accurately  compute  target  reflectance. 

Parameters  Readily  Determined 

In  the  machine  processing  of  ERTS  computer  compatible  tapes  (CGTs),  the  param- 
eters Li,  Hq,  m,  and  Z of  Equation  4 are  easily  and  quickly  determined.  Target 
counts,  C£,  recorded  on  ERTS  CCTs  are  transformed  to  the  target  radiance,  L of 
Equation  4 by 


L,  = c.  K.  mw/  cm' 
1 11 


sr. 


(5) 


where  i indicates  MSS  band  number  and  constants  are  determined  as  described 
on  Page  6-14  of  the  ERTS  Data  User  Handbook  (K^  = 0,0195,  Kg  = 0.0157^ 

= 0.0138,  Ky  ~ 0,  0730).  The  sun  zenith  angle,  Z,  is  computed  from  Z = 90  - 
in  which  the  sun  elevation  angle,  0^,  is  also  extracted  from  the  ERTS  CCT.  For 
sun  zenith  angles  less  than  60  degrees,  the  air  mass,  m of  Equation  4,  is  given  to 
an  accuracy  better  than  0.  25%  by  m = sec  Z.  For  larger  sun  angles,  a more  ac- 
curate value  is  given  by  BemporadVs  formula 

M = sec  Z - 0.  001867  (sec  Z - 1)  - 0.002875  (sec  Z - 1)^  - 0.  0008083  (sec  Z - 1)^.  (6) 

The  solar  irradiance,  H^,  outside  the  earth*s  atmosphere  is  well  known  and  changes 
less  than  6%  over  a 12-month  period.  can  be  determined  from  NASA- published 
data  (Thekaekara,  1971)  or  derived  from  RPMI  measurements.  Values  obtained 
from  RPMI  and  Dr.  Thekaekarars  published  data  for  a mean  earth- sun  distance  of 
1 astronomical  unit  (AU),  are  shown  in  Table  l."^ 

If  desired,  the  values  specified  (for  1 AU)  can  be  corrected  for  the  precise  earth- 
sun  distance  at  the  time  of  ERTS  overflight  by  factors  also  given  in  Dr.  Thekaekara *s 
report. 

The  remaining  solar  and  atmospheric  parameters  needed  for  Equation  4;  L^,  t, 
and  depend  on  the  specific  atmosphere  within  the  scene  and  must  be  de- 

termined by  the  Principal  Investigator  at  the  time  of  ERTS  overflight. 


Please  refer  to  back  of  report  for  tables,  figures,  and  references. 
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RADIANT  POWER  MEASURING  INSTRUMENT  (RPMI) 


One  technique  for  obtaining  the  remaining  atmospheric  parameters  is  to  deploy  the 
RPMI  shown  in  Figure  1.  This  instrument  was  developed  specifically  to  provide 
an  ERTS  investigator  with  the  capability  of  obtaining  the  complete  set  of  solar  and 
atmospheric  measurements. 

The  RPMI  is  a rugged,  hand- carried,  portable  instrument,  calibrated  to  measure 
both  down- welling  and  reflected  radiation  within  each  ERTS  MSS  band,  A foidover 
handle  permits  a quick  change  from  wide-angle  global  or  sky  irradiance  measure- 
ments to  narrow  angle  (7,  0®  circular)  radiance  measurements  from  sky  and  ground 
targets. 

The  RPMI*s  wide  dynamic  range  (1  to  10^)  is  tailored  to  permit  measurements  to 
be  made  over  the  full  range  of  atmospheric  parameters  encountered  by  ERTS, 

These  extremes  have  been  found  to  include  direct  beam  solar  irradiance  up  to 
25  mw/  cm^  in  Band  7,  sky  radiance  as  low  as  0,  077  mw/cm^  - sr  in  Band  6,  and 
radiance  reflected  from  water  surfaces  in  Bands  6 and  7 as  low  as  0,  02  mw/cm^  - 
sr.  The  RPMI  measurements  are  traceable  to  an  NBS  source  to  an  accuracy  of 
5%  absolute  and  2%  relative  from  band-to-band.  The  RPMI  calibration  is  also 
checked,  from  time  to  time,  against  the  NASA  Goddard  calibration  source  to  ensure 
uniformity  between  RPMI  and  ERTS  MSS  measurements. 

DETERMINATION  OF  ATMOSPHERIC  PARAMETERS 

The  RPMI  is  deployed  in  concert  with  ERTS  overflights  to  obtain  direct  measure- 
ments, within  the  four  ERTS  MSS  bands,  of  (1)  global  irradiance,  H,  (2)  sky  ir- 
radiance H3j^Y,  radiance  from  a narrow  solid  angle  of  sky,  I-»meAS 
(4)  direct  beam- solar  irradiance  From  these  measurements,  additional 

solar  and  atmospheric  parameters,  such  as  beam  transmittance,  t ; path  radiance, 
L^;  and  direct  beam- solar  irradiance  above  the  atmosphere,  Hp,  are  determined. 
With  these  parameters.  Equation  4 is  applied  to  transform  the  ERTS  radiance 
measurements,  L,  into  absolute  target  reflectance  units, 

DIRECT  BEAM  SOLAR  IRRADIANCE  (Hc;ttn) 

Direct  beam  solar  irradiance,  HguN^  measured,  as  shown  in  Figure  1C,  by 
pointing  the  instrument  directly  at  the  sun  with  the  telescope  in  place  and  recording 
the  irradiance  at  each  wavelength. 
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GLOBAL  AND  SKY  IRRADIANCE 


Global  irradiance,  H,  is  measured  directly  in  each  band  as  shown  in  Figure  IB. 
Additional  accuracy  in  H can  be  obtained  using  (m)  and  sky  irradiance, 

HSKY#  shadowing  the  sun  and  reading  global  minus  direct  beam- solar  irradiance, 
and  then  computing  the  total  target  irradiance,  using 

^ = ^SUN  ^ + ^SKY 

The  sun  angle,  Z,  may  be  read  from  the  sun  dial  on  the  side  of  the  RPMI  after 
leveling  the  instrument  with  its  bubble  level. 

BEAM  TRANSMITTANCE  (t  ) 

Beam  transmittance,  t,  per  unit  air  mass  is  determined  directly  from 

T . ” (8) 

when  the  solar  irradiance  outside  the  atmosphere,  Hq,  is  known,  as  in  Table  1. 

The  air  mass  is  calculated  from  the  solar  zenith  angle,  using  Equation  6. 

1£  solar  irradiance  outside  the  atmosphere,  Hq,  is  not  known,  t per  unit  air  mass 
can  be  determined  by  making  at  least  two  measurements,  denoted  HguN^^i) 

andHgujqCm^),  at  air  masses  and  and  computing 


1 


If  a series  of  measurements  are  made  and  then  plotted  on  a log  scale  as  a 

function  of  air  mass,  an  atmospheric  extinction  curve  similar  to  that  shown  in  Fig- 
ure 2 results.  By  performing  a least  squares  curve  fit  to  the  Hsxjjq  measurements, 
greater  accuracy  in  the  Hg^jjq  values  needed  for  Equation  9 may  be  derived. 

The  intercepts  of  the  Hgujq  lines  of  Figure  2 with  the  vertical  axis  (i.  e. , m = 0) 
yields  Hq  in  each  ERTS  band.  These  values  of  Hq  can  be  used  in  succeeding  com- 
putations of  T by  Equation  8 and  as  calibration  constants  to  test  and  recalibrate  the 
RPMI,  if  necessary,  using  the  sun  as  a source,  at  any  location  in  the  world. 


\ 
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Beam  transmittance,  t,  derived  from  10  sets  of  field  measurements  covering  the 
period  January  through  June  of  1973  (Table  2)  shows  this  parameter  to  range  from 
70  to  85%  in  Band  4,  from  77  to  90%  in  Band  5,  from  81  to  94%  in  Band  6,  and  from 
84  to  97%  in  Band  7. 

PATH  RADIANCE 

The  only  remaining  atmospheric  parameter  needed  to  transform  ERTS  radiance  into 
reflectance  is  the  radiance,  L^,  reaching  the  spacecraft  from  Rayleigh  and  aerosol 
scattering  by  the  atmosphere.  As  path  radiance  cannot  be  measured  directly,  it 
must  be  derived  from  ground-based  sky  radiance  measurements  of  the  backscatter. 
The  simplest  technique  is  to  use  the  RPMI  to  measure  the  sky  radiance,  as 

scattered  at  angle  <j),  as  shown  in  Figure  3,  such  that  <j>  is  identical  to  <j>,  me 
angle  through  which  radiation  is  scattered  to  the  spacecraft,  and  then  to  correct 
this  measurement  for  the  difference  in  air  masses  between  the  direction  of  obser- 
vation and  the  direction  of  the  spacecraft.  This  technique  provides  a straightforward 
measurement  procedure  when  Z > 45®.  When  Lj^e^S  recorded  at  an  angle 
equal  to  the  scattering  angle  to  the  ERTS,  the  path  radiance,  seen  by 

ERTS  is 


~ ^MEAS 


(10) 


in  which  is  the  air  mass  in  the  direction  of  observation  (in  this  case  triQ  = 

p ) and  T,  as  previously  defined,  is  the  atmospheric  transmission  per  unit  air 

mass.  The  validity  of  this  formula  has  been  demonstrated  by  Rogers  and  Peacock 
(April  1973)  and  discussed  by  Gorden,  Harris,  and  Duntley  (1973).  Equation  10  is 
adequate  when  the  atmospheric  measurements  are  made  concur  rent  with  the  ERTS 
overflight;  (i,  e. , at  a sun  angle  close  to  the  one  at  the  time  of  the  ERTS  flyover). 


However,  if  Z < 45  ®,  it  is  easy  to  see  that  p > 90®  a^id  a simple  determination  of 
is  not  possible.  During  the  summer  months,  this  is  frequently  the  condition  at 
the  time  of  the  ERTS  overpass.  It  becomes  necessary  to  make  the  sky  radiance 
measurements  at  a time  when  Z > 45  ® and  to  correct  for  the  greater  attenuation  of 
the  incident  sunlight. 


A correction  factor,  Terts/^Z^  must  be  multiplied  by  Equation  10  to  derive  the 
path  radiance,  Li^,  viewed  by  the  spacecraft  if  the  time  between  tihe  ERTS  overpass 
of  the  test  site  and  the  time  of  the  sky  radiance  observations  is  significantly  dif- 
ferent. An  approach  for  determining  this  correction  factor  was  reported  by  Rogers 
and  Peacock  (October  1973)  and  is  shown  in  Figure  3. 


1792 


Sunlight  entering  the  atmosphere  at  an  angle  Z,  as  shown  in  Figure  3,  is  scattered 
at  altitude  h in  the  direction  of  the  observer  at  point  0.  The  energy  available  for 
scattering  depends  on  the  atmospheric  extinction  coefficient,  Tooh,  measured  from 
outside  the  atmosphere  to  altitude  h.  The  attenuation  is  given  by  exp  (-pTorh  . m). 
The  energy  scattered  is  a function  of  the  scattering  coefficient,  orh,  at  altitude  h» 
Thus,  the  energy  scattered  in  the  direction  of  the  observer  from  altitude  h is  pro- 
portional to 


<-'^hoo  • • “h- 


(11) 


The  average  attenuation,  for  all  altitudes,  before  the  energy  is  scattered  to  the 
observer  is  given  by 


T = 


2 exp  (-T 
N 


hoo, 


m) 


O'! 


(12) 


nS 

N 


in  which  N defines  each  atmospheric  altitude  used  in  the  summation.  Use  of  the 
value  ah  in  the  equation  expresses  the  importance  of  each  altitude,  h,  in  contributing 
energy  at  the  observer  location  point,  0.  A normalizing  factor  is  included  in  the 
denominator.  Values  of  Thoc  <^h  l^^tve  been  tabulated  (Valley,  1965).  To  adjust 
from  a standard  atmosphere  to  the  actual  atmospheric  conditions  at  the  ob- 
server's location,  is  multiplied  by  exp  (-Tqoq)/t,  in  which  t is  the  measured 

atmospheric  transmission  and  ^ is  the  extinction  coefficient  for  a beam  travers- 
ing one  atmospheric  air  mass  of  a standard  atmosphere.  This  is  also  given  by 
Valley  (1965).  Variations  in  T are  small,  so  the  error  in  using  a corrected  standard 
rather  than  a real  atmosphere  is  small. 

Thus,  a complete  formula  which  gives  the  sky  radiance,  at  the  time  of  the 

ERTS  overpass  from  L>mEAS  another  solar  zenith  angle  and  air  mass  ist 


^MEAS 


in  'which  the  scattering  angle  to  the  observer,  equals  the  scattering  angle  to 
ERTS,  and  TgRTS  ®^^e  given  by  Equation  IZ  for  the  zenith  angles  at  the 

time  of  the  ERTS  overpass  and  the  time  of  the  readings. 


■ ERTS 


(IS) 


■& 
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The  validity  of  this  equation  is  demonstrated  in  Figures  4 and  5.  Figure  4 shows 
ground-based  sky  radiance  measurements  as  a function  of  the  scattering  angle  for 
a range  of  solar  air  masses.  Each  of  the  curves  was  obtained  by  pointing  the  RPMI 
at  the  sun  and  then  sweeping  it  in  azimuth  and  in  elevation,  taking  sky  radiance 
readings  at  10®  intervals.  Alongside  each  curve,  the  solar  air  mass  at  the  time  of 
the  observations  is  given.  The  curve  defined  by  the  open  squares,  which  falls 
steeply,  is  for  a range  of  solar  air  masses,  and  was  produced  by  recording  the 
zenith  sky  radiance  over  a period  of  several  hours.  Application  of  Equation  13  to 
these  data  in  Figure  4,  assuming  Tj^p^pg  =1,  gives  the  results  shown  in  Figure  5. 
Except  for  about  ± 5%  of  scatter,  all  the  points  now  follow  the  same  line.  By 
selecting  La  from  the  curve  at  the  scattering  angle  which  exists  at  the  time  of 
ERTS  overpass  and  multiplying  this  value  by  the  desired  value  of  at 

the  time  of  the  ERTS  overpass  is  determined. 

For  March,  the  path  radiance  was  found  to  be  equivalent  to  that  produced  by  a target 
having  a reflectance  of  11%  in  Band  4,  5%  in  Band  5,  3%  in  Band  6,  and  1%  in  Band  7. 
This  radiance  error,  which  varies  as  shown  in  Figure  5,  is  a function  of  scattering 
angle  (sun  angle),  to  some  degree  beam  transmittance,  and  average  surface  re- 
flectance. 

GENERATION  OF  IMAGERY  AND  DATA  CORRECTED  FOR  ATMOSPHERE 

Different  approaches  for  deriving  target  reflectance  from  ERTS  data  are  being 
investigated.  The  approach  Idiat  leads  to  the  most  accurate  reflectance  values  is 
the  application  of  Equation  4 and  the  full  set  of  solar  and  atmospheric  parameters 
Hq,  t , and  HgKy).  The  27  March  1973  ERTS  tape  was  processed  in  this 
manner  to  produce  the  color- coded  imagery  and  gray- scaled  computer  printout  of 
a portion  of  the  ERTS  scene  shown  in  Figures  6 and  7.  In  this  case,  the  color  on 
the  TV  monitor  and  the  symbol  on  the  computer  print-out  is  directly  related  to 
target  reflectance.  The  scenes  shown  are  those  of  Orchard  Lake.  The  lake  is 
approximately  4.  8 km  (three  miles)  on  a side  and  the  scene  is  approximately  9*  7 km 
(six  miles)  on  a side. 

To  obtain  average  reflectance  and  other  statistical  information  (i.  e. , average 
counts,  average  radiance,  standard  deviations,  etc.  ) on  specific  target  areas,  such 
as  the  deep  water  in  Orchard  Lake,  etc,,  the  gray- scale  printout  is  used  as  a map 
to  establish  the  coordinates  of  the  target,  using  scan- line  count  and  resolution  ele- 
ment numbers.  These  coordinates,  input  to  the  computer,  define  data  areas  (edits) 
where  the  desired  statistical  computations  are  performed.  Results  of  computations 
of  average  reflectance  on  deep  water  areas  of  six  lakes  established  lake  reflectance 
to  be  from  3 to  5.  5%  in  Band  4,  0 to  2,  3%  in  Band  3,  0 to  0.  5%  in  Band  6,  and 
0 to  0.  37%  in  Band  7.  Spot  reflectance  measurements  on  the  same  lakes  with  the 
RPMI  showed  similar  results. 
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EFFECTS  OF  ATMOSPHERE  ON  COMPUTER  CLASSIFICATION  TECHNIQUES 

The  ability  of  computer  techniques  to  classify  targets  under  various  atmospheric  con- 
ditions was  studied.  Training  sets  were  defined  for  the  eight  land  use  categories 
shown  in  the  tabulation  of  Figure  8 for  14  April  1973  ERTS  tape  acquired  over  Oak- 
land County,  Michigan,  Data  within  the  training  areas  were  then  used  to  generate  a 
set  of  canonical  coefficients  (R.  Dye  1970),  one  set  for  each  land  use  category.  In  the 
target  classification  mode,  these  coefficients  were  used  to  form  a linear  combina- 
tion of  the  ERTS  measurement  to  produce  a ’^canonical  variable**  whose  amplitude 
is  associated  with  the  probability  of  an  ERTS  measurement  being  sought.  The 
probability  of  each  land  use  category  being  present  within  each  ERTS  element  of 
the  Oakland  County  scene  is  determined  and  a classified  land  use  map  is  generated. 

To  determine  how  the  atmosphere  affected  these  classifications,  the  canonical  co- 
efficients generated  from  the  April  tape  were  first  applied  to  classify  the  data  from 
the  known  training  areas  also  contained  within  this  tape.  This  classification  per- 
formance, recorded  in  the  tabulation  of  Figure  8,  then  served  as  the  basis  from  which 
to  evaluate  performance  achieved  when  the  same  coefficients  are  used  to  process 
ERTS  measurements  on  the  identical  targets  observed  under  other  atmospheric  con- 
ditions. To  accomplish  this,  the  April  observations  from  the  training  areas  were 
modified  to  replace  April  atmospheric  parameters  with  parameters  derived  from 
RPMI  measurements  for  February,  March,  and  May.  These  parameters  are  listed 
in  Table  3.  Also,  the  April  atmospheric  parameters  were  modified  by  incremental 
amounts  to  generate  parametric  curves  of  Figures  8A  and  8B. 

Figures  8A  through  8E  show  the  results  of  applying  the  processing  coefficient 
derived  for  the  14  April  atmosphere,  denoted  A3,  to  ERTS  measurements  acquired 
under  other  atmospheric  conditions.  Figure  8A  shows  how  the  classification  per- 
formance degrades  as  the  ratio  of  the  April  Hr  to  the  new  condition  Hr  increases 
when  L^.  is  held  constant.  This  is  a parametric  curve  generated  by  modifying  the 
April  Ht  *s  in  each  ERTS  band  by  an  equal  amount.  Figure  8B,  also  a parametric 
curve,  shows  the  effect  of  increasing  the  differences  between  April  path  radiance 
values  and  new  condition  values,  while  holding  Ht  unchanged. 

In  Figure  8C  and  8D,  the  February,  March,  April,  and  May  atmospheres;  denoted 
Ai,  A2,  A3,  and  A^,  respectively  in  Table  3;  are  used  to  evaluate  the  classification 
performance.  In  Figure  8C,  as  in  Figure  8A,  only  Hr  is  permitted  to  vary  but,  in 
this  case,  the  April  Hr  *s  are  modified  by  the  Hr  *s  measured  in  F ebruary,  March, 
and  May.  In  Figure  8D,  the  effects\of  deviating  the  April  path  radiance  by  amounts 
equal  to  the  difference  in  radiance  between  April  and  the  other  dates  is  shown. 

Figure  8E  shows  classification  accuracy  achieved  when  April  training  (canonical 
coefficients)  is  used  to  process  February,  March,  April,  and  May  scenes  in  which 
the  full  ataio spheres  of  those  conditions  prevail. 
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In  Figure  8A  through  8E,  it  is  significant  to  note  that  the  classification  performance 
on  some  target  ca'^egories  (i.  e. , bare  soil,  tended  grass,  etc. ) hold  up  even  under 
the  most  severe  atmospheres  encountered,  while  the  performance  on  other  targets 
(^rees,  urban,  untended  grass,  and  deep  water)  degrades  rapidly  when  atmospheric 
conditions  change  by  the  smallest  amount  from  the  reference  condition  (i.  e. , the 
condition  in  which  the  processing  coefficients  are  generated). 

Figure  9 shows  the  classified  data  of  the  April  scene  with  February,  March,  April, 
and  May  atmospheres. 

A set  of  canonical  coefficients  and  target  means  derived  from  training  areas  within 
one  ERTS  scene,  as  showii,  cannot  be  applieid  to  process  data  from  another  ERTS 
scene  with  any  degree  of  confidence  unless  the  atmospheres  within  the  two  scenes 
are  knowni  to  be  essentially  the  same.  N.  J.  Shah  (1973)  has  established  that  the 
atmospheric  parameters  for  both  scenes  can  be  used  to  modify  the  canonical  co- 
efficients and  target  means  generated  from  one  scene  to  process  the  data  from  the 
second  scene. 


Let  Hji,  r i,  and  hj^i  be  the  atmospheric  parameters  applicable  for  an  ERTS  scene 
containing  atmosphere  I,  for  which  training  sets  were  previously  selected  and  from 
which  a canonical  coefficients  matrix  C|  and  target  means  matrix  Xj  were  generated. 
Let  H2#  T 2$  stnd  Lj^2  atmospheric  parameters  for  an  ERTS  scene  with 

atmosphere  II,  in  which  additional  processing  is  desired.  The  new  canonical  co- 
efficient matrix,  C^,  for  processing  scene  2,  is  computed  from  the  matrix  C_  by 
l*  1 


c 


2 


(14) 


The  new  target  means,  denoted  X2  for  scene  2,  are  related  to  means  Xj  for  scene  1 
by 


X 


2 


+ L 


A2 


(15) 


To  illustrate  the  application  of  Equation  14  and  15,  training  and  processing  co- 
efficients generated  for  the  April  scene  together  with  the  April  and  March  atmos- 
phere parameters  were  used  to  generate  the  new  canonical  coefficients  and  means 
needed  to  process  the  March  tape.  The  results  of  this  processing  are  shown  in 
Figure  lOA,  an  accurate  classification  of  the  original  scene.  Figure  lOB  shows 
the  results  of  processing  the  same  March  tape,  but  using  the  April  training  and 
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coefficients  without  corrections  for  atmosphere.  In  this  case,  some  lakes  have 
been  completely  mis  classified, 

SUMMARY 

Feasibility  of  the  techniques  for  obtaining  and  using  atmosphere  parameters  to 
transform  spacecraft  data  into  absolute  target  reflectance  characterisitcs  has 
been  established.  The  RPMI's  wide  dynamic  range  (1  x 10^)  was  found  to  be  essen- 
tial for  obtaiziing  the  full  set  of  measurments  needed  to  derive  atmospheric  param- 
eters. 

The  field  measurements  from  January  through  June  of  ,1973  determined  the  magni- 
tude and  range  of  variations  in  the  beam  transmittance,  t , and  path  radiance,  Lj^, 
within  the  ERTS  bands.  By  generating  coefficients  needed  to  develop  a land  use 
map  and,  then,  applying  these  coefficients  to  process  ERTS  scenes  with  new  atmos- 
pheric conditions,  the  manner  in  which  the  atmospheric  variations  degrade  classifi- 
cation performance  was  established.  A simple  technique  for  correcting  these  pro- 
cessing coefficients  for  atmospheric  variations  was  shown. 
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Table  1.  Solar  Irradiance  Outside  Atmosphere,  Hg  (1AU) 


MSS  Band 

RPMI 

mW/cm2 

Thekaekara 

mW/cm2 

4 

18.65 

17.7 

5 

15.11 

15.15 

6 

12.33 

12.37 

7 

25.17 

24.88 

Table  2.  Beam  Transmittance,  r 


MSS  Band 

Average 

Minimum 

Maximum 

Standard 

Deviation 

4 

0,799 

0,697 

0.856 

0.051 

5 

0.852 

0.770 

0.901 

0.048 

6 

0.885 

0.812 

0.940 

0.051 

7 

0.899 

0.843 

0.975 

0.052 

Table  3.  Atmospheric  Parameters 


Atmosphere 

Date 

Air 

Mass, 

M 

Beam  Transmitteinc^,  r 

Path  Rac 
mw/c 

liance 

m2-sr 

4 

5 

6 

7 

4 

5 

6 

7 

A1 

9 Feb  1973 

2.5 

0.856 

B 

0.975 

B 

B 

B 

m 

A2 

27  Mar  1973 

1.49 

0.796 

B 

0.884 

0.888 

B 

0.127 

0.081 

EB 

A3 

14  Apr  1973 

1.33 

0.74 

B 

0.875 

0.889 

B 

m 

0.108 

0.059 

A4 

21  May  1973 

1.18 

0.6971 

B 

B 

B 

QQUI 

0.189 

0.121 

0.154 
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! A.  RPMI  assembled, 


B.  Global  Irradiance  (H)  — 27Tsteradian  field  of  view  for 
measuring  downwelling  (incident)  radiation  ERTS 
MSS  bands.  Bubble  level  aids  this  measurement. 

Sky  Irradiance  {Hsj^Y^  — Block  sun  to  measure  global 
irradiance  minus  direct  sun  component,  in  every  ERTS 
MSS  band.  Angle  from  zenith  to  sun  is  also  measured 
in  this  mode  by  reading  sun's  shadow  cast  on  sun  dial. 
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D,  Reflected  Radiation  — Used  with  small  calibration  panels 
and  cards  to  obtain  direct  measurement  of  truth  site 
reflectance.  Reflectance  also  immediately  derived  from 
ratio  of  reflected  radiance  and  global  irradiance. 


C.  Radiance  from  Narrow  Solid  Angles  of  Sky  U.|y|g^5)  — 
Handle  serving  as  field  stop  permits  direct  measurements 
through  a 7.0°  circular  field  of  view.  This  mode  is  also 
used  to  measure  direct  beam  solar  irradiance, 


Figure  1.  Radiant  Power  Measuring  Instrument 


IRRAOJ ANCE  trri^cm 


Figure  2.  Atmospheric  Extinction  Curves 


Figure  4.  RPMI  Sky  Radiance  Measurements, 
•-MEAS 


Figure  3.  Sky  Radiance, 


Figure  5.  Path  Radiance,  from  Sky 
Radiance,  I-meaS 
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Character  Reflectance  Range 


/ 

C 

0 

Q 

9 

0 

B 

0 

9 


0.000 

0.010 

0.018 

0.031 

0.039 

0.051 

0.059 

0.071 

0,079 

0.091 

0.099 


0.006 

0.014 

0.027 

0.035 

0.047 

0.055 

0.067 

0.075 

0.087 

0.095 

0.100 
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Reflectance  Grav  Scale  Printout 

(Band  4) 


Figure  7.  Reflectance  Gray-Scale  Printout 
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THE  PENN  STATE  ORSER  SYSTEM  FOR  PROCESSING  AND  ANALYZING  ERTS  DATA 

G.  J.  McMurtry,  F-,Y  Borden,  H.  A Weeden  and  G.  W.  Petersen,  Office  for  Remote  Sensing  of  Earth  Resources 
(ORSER),  The  Pennsyivania  State  University 


ABSTRACT 

The  Office  for  Remote  Sensing  of  Earth  Resources  (ORSER)  of 
the  Space  Science  and  Engineering  Laboratory  (SSEL)  at  The 
Pennsylvania  State  University  has  developed  an  extensive 
operational  system  for  processing  and  analyzing  ERTS-1  and 
similar  multispectral  data.  The  ORSER  system  was  developed 
for  use  by  a wide  variety  of  researchers  working  in  remote 
sensing.  Both  photointerpretive  techniques  and  automatic 
computer  processing  methods  have  been  developed  and  used, 
separately  and  in  a combined  approach.  A Remote  Job  Entry 
(RJE)  system  permits  use  of  an  IBM  370/165  computer  from 
any  compatible  remote  terminal,  including  equipment  tied 
in  by  long-distance  telephone  connections.  Detector  errors 
oc curing  in  two  channels  of  every  sixth  line  of  ERTS  digital 
data  were  examined,  and  a statistical  recalibration  method 
was  developed.  Errors  were  eliminated  after  recalibration. 
Furthermore,  after  recalibration  of  data  from  two  ERTS  scenes, 
classification  of  a forested  area  yielded  excellent  results 
using  spectral  signatures  developed  in  another  area  approxi- 
mately 150  miles  away  and  from  an  ERTS  scene  taken  17  days 
earlier.  Thus,  transference  of  signatures  in  both  time  and 
space  appears  feasible.  Specific  results  obtained  by  using 
this  system  include  a study  of  land  use,  discrimination 
between  types  of  forest  resources  and  vegetation,  detection 
of  previously  unknown  geologic  faults  and  correlation  of 
these  with  known  mineral  deposits  and  ground  water,  mapping 
of  mine  spoils  in  the  anthracite  region  of  eastern  Pennsyl- 
vania, mapping  of  strip  mines  and  acid  mine  drainage  in 
Central  Pennsylvania,  agricultural  land  use  mapping,  and 
detection  of  gypsy  moth  infestation. 


THE  ORSER  SYSTEM 

The  Office  for  Remote  Sensing  of  Earth  Resources  (ORSER)  of  the  Space 
Science  and  Engineering  Laboratory  (SSEL)  at  The  Pennsylvania  State 
University  has  developed  an  extensive  operational  system  for  processing 
and  analyzing  ERTS-1  and  similar  multispectral  data.  The  ORSER  system 
was  developed  for  use  by  a wide  variety  of  researchers  working  in  remote 
sensing.  These  users  represent  many  disciplines  and  have  a wide  range 
of  experience  and  skill  in  photointerpretation  and  computer  usage. 

Interpretive  techniques  which  are  used  in  the  system  Include  computer 
processing,  visual  image  interpretation,  and  a hybrid  technique  which 
closely  integrates  photointerpretive  techniques  with  computer  analytic 
procedures . 
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Computer  Processing  Facilities 


Automatic  data  processing  equipment  utilized  in  the  ORSER  system  is 
primarily  located  at  The  Pennsylvania  State  University  Computation 
Center.  The  principal  computer  is  the  IBM  System  370  Model  165, 
copsisting  of  a main  frame  and  attached  devices  for  input  and  on-line 
storage.  Users  may  have  access  to  the  computer  in  any  of  three  ways: 
central  and  remote  high  speed  dispatch  points  operated  by  the  Computa- 
tion Center;  slow  speed  Remote  Job  Entry  (RJE)  terminals  using  IBM 
2741,  Tektronix  4010,  or  similar  remote  terminals  supported  by  the  user 
or  by  the  Computation  Center;  and  intermediate  speed  remote  batch 
terminals,  such  as  the  IBM  2780,  supported  by  the  user  or  the  Computa- 
tion Center.  The  ORSER  processing  system  for  MSS  data  was  developed 
for  use  with  any  of  these  entry  points.  ORSER  investigators  use  RJE 
terminals  for  most  developmental  work.  Bulk  output  for  final  runs  is 
directed  from  an  RJE  terminal  to  any  of  the  high  speed  terminal  sites. 

No  program  card  decks  need  to  be  input,  as  the  MSS  data  processing 
programs  are  kept  in  library  files.  Files  for  building  control  infor- 
mation or  for  storing  output  are  available  to  the  user.  MSS  data  is 
T^^put  from  magnetic  tapes  which,  along  with  user-owned  working  tapes, 
"^^e  managed  by  the  Computation  Center. 

Digital  Data  Processing  System 

A standard  digital  tape  format  was  designed  within  which  all  known  MSS 
pources  can  conveniently  be  placed.  More  than  one  file  per  tape  is 
'"^allowed  as  well  as  a continuation  of  a file  to  another  tape.  Within 
the  file,  four  kinds  of  records  exist:  (1)  identification  records, 

'^*^^(2)  table  of  contents  records,  (3)  MSS  response  records,  and  (4)  history 
^%ecords.  Each  MSS  response  record  consists  of  a complete  scan  line. 

Each  scan  line  is  numbered  and  scan  lines  are  always  in  ascending  order 
in  a file.  A working  file  will  usually  contain  one  or  more  small  parts 
‘^Qf  the  whole  data  set.  The  table  of  contents  is  particularly  useful  in 
such  cases  in  avoiding  costly  searching  for  data  which  are  not  present 
in  the  file. 

The  system  is  couched  in  a multivariate  framework.  Each  observation, 
identifiable  by  scan  line  and  element  number,  consists  of  a vector  with 
as  many  components  as  there  are  channels.  At  present,  each  vector  is 
composed  of  just  MSS  response  values.  It  is  anticipated,  however,  that 
the  vectors  will  be  augmented  by  transformed  scanner  data,  or  by 
additional  (nonscanner)  data  such  as  topographic  information. 

Although  the  system  is  not  in  a conversational  mode,  where  the  user 
and  the  system  dynamically  interact  during  processing,  the  preparation 
of  the  control  specifications  by  a user  operating  from  an  RJE  terminal 
is  conversational.  Each  program  accepts  input  control  specifications, 
processes  the  MSS  data  according  to  the  specifications,  and  outputs 
the  results.  For  non-RJE  operation,  control  specifications  are  made 
and  entered  into  the  system  by  punched  cards.  All  control  specifica- 
tions on  the  RJE  are  identical  in  format  to  the  corresponding  punched 
cards . 
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The  programs  discussed  here  are  all  operational  and  are  documented  at 
the  user’s  level.  Although  many  other  programs  are  used,  those  discussed 
here  illustrate  the  general  approach  to  the  processing  of  MSS  tapes. 
Detailed  descriptions  of  ORSER  programs  currently  available  may  be  found 
in  ORSER/SSEL  Technical  Report  10-73. 

The  digital  tape  processing  system  for  MSS  data  described  here  is 
regularly  run  for  production  and  has  been  extended  to  meet  the  needs 
of  various  related  projects.  The  system  was  designed  to  be  easily 
augmented,  typified  by  the  addition  of  a number  of  supervised  and 
unsupervised  analysis  and  classif ication  algorithms.  The  general 
procedure  to  be  employed  for  a previously  unstudied  area  or  type  of 
target  will  be  presented  and  illustrated  here. 

The  first  step  is  to  select  the  particular  targets  and  areas  of  interest, 
primarily  using  maps.  Consultation  of  the  catalogues  of  imagery  and 
digital  tapes  will  Indicate  what  data  are  available  and  their  quality. 
Tapes  corresponding  to  the  selected  scenes  are  chosen  and  the  areas  of 
useful  data  are  specified.  Subsets  are  then  produced  on  separate  tapes, 
using  the  SUBSET  program.  These  subsets  are  prepared  to  gain  rapid 
processing  and  short  turn  around  time.  It  is  likely  that  this  step  has 
already  been  done  in  the  process  of  cataloguing  and  storing  ERTS  tapes 
by  ORSER,  in  which  case  the  appropriate  library  subset  tapes  would  be 
selected  directly. 

A run  is  then  made  with  the  NMAP  program  to  show  the  overall  pattern 
of  the  data.  This  program  is  written  to  map  element  brightness,  using 
all  channels  or  any  subset  of  channels.  The  norm  of  each  multivariate 
vector  is  taken  as  the  measure  of  brightness.  The  norm  is  then  converted 
to  a percentage  of  the  maximum  possible  value.  This  value  is  translated 
to  the  mapping  symbol  for  the  percentage  range  within  which  it  falls. 

The  process  is  repeated  for  every  element  in  every  scan  line  in  the  data 
blocks  specified  by  the  user.  Output  from  the  NMAP  program  consists, 
then,  of  a brightness  map. 

The  UMAP  program  is  run  next,  to  map  areas  of  local  spectral  uniformity. 
Each  element  is  compared  with  its  near  neighbors  using  the  euclidean 
distance  between  spectral  signatures  as  the  measure  of  similarity  or 
dissimilarity.  If  the  largest  distance  is  smaller  than  a value  speci- 
fied by  the  user,  then  the  S3mibol  for  uniformity  is  assigned  to  that 
element.  One  or  more  categories  of  uniformity  can  be  mapped  according 
to  distances  specified  by  the  user.  All  elements  with  distances  from 
their  neighbors  greater  than  those  specified  are  mapped  as  contrasts. 

The  map  output  shows  the  pattern  of  uniformity  and  contrasts  from  which 
the  user  can  designate  coordinates  for  training  areas  for  the  targets  of 
interest  and  determine  high  contrast  boundaries  between  uniform  areas. 

Signatures  and  associated  statistics  are  next  obtained  by  the  use  of 
the  STATS  program,  which  computes  the  multivariate  statistics  for  one 
or  more  training  areas  obtained  from  UMAP  or  similar  output.  The  user 
designates  a training  area  by  line  and  element  coordinates  and  the 
program  computes  the  statistics  for  all  of  the  data  which  fall  within 
the  boundaries.  The  mean  and  standard  deviation  vectors  are  found,  and 
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the  correlation  and  variance-covariance  matrices  are  computed  as  well  as 
the  eigenvalues  and  eigenvectors  of  these  matrices.  Frequency  histograms 
for  selected  channels  are  also  computed. 

When  most  of  the  targets  have  been  identified  by  training  areas,  a 
classification  run  is  made  using  the  classifier  or  classifiers  deemed 
most  appropriate  for  the  mix  of  targets  under  consideration,  A variety 
of  supervised  classification  programs  are  available,  including  parametric 
and  non-par ametric  classifiers  with  either  linear  or  quadratic  discrim- 
inant functions.  Preprocessing  before  classification  is  also  possible, 
using  programs  for  normalization,  principal  components,  canonical 
analysis,  etc.  The  output  of  these  programs  is  in  the  form  of  a charac- 
ter (or  digital)  map,  with  each  category  of  classification  represented 
by  a unique  symbol. 

Digital  character  maps  are  useful  primarily  as  working  maps  for  the  user 
in  the  analysis  of  MSS  data.  They  are  inherently  distorted  in  the 
length-to-width  relationship  because  of  the  fixed  number  of  lines  and 
characters  per  inch  of  high-speed  printer  output.  The  LMAP  program, 
yielding  output  on  the  CalComp  plotter  or  the  RJE  terminals  with  graphic 
displays,  is  intended  for  the  production  of  distortion-free,  finished 
copy,  line  maps.  There  are  three  main  advantages  to  line  maps  when 
compared  to  character  maps:  (1)  orthographic  maps  to  a selected  scale 

can  be  made,  (2)  photographic  overlays  can  be  prepared  for  these  maps 
(this  is  quite  important  in  the  comparison  of  classification  results 
with  corresponding  imagery) , and  (3)  legible  maps  for  publication 
purposes  can  be  prepared. 

An  example  of  the  use  of  the  programs  described  above  is  given  in 
Figures  1 through  8.  The  MSS  data  used  for  this  analysis  came  from 
ERTS-1  scene  1028-15295,  scanned  on  August  20,  1973.  This  is  an  area 
northeast  of  Clearfield,  Pennsylvania,  on  which  U.S.  Route  80  and  the 
West  Branch  of  the  Susquehanna  River  cross.  The  location  of  the  test 
site  is  shown  in  Figure  1,  which  was  taken  from  two  7 1/2  minute  USGS 
quadrangle  maps.  The  right  hand  side  of  this  figure  is  from  a map 
printed  in  1959,  before  Route  80  was  constructed,  while  the  left  hand 
side  is  from  a 1971  map.  Figures  2 and  3 show  map  output  for  NMAP  and 
UMAP,  respectively.  The  strip  of  low  brightness  in  Figure  2 follows 
the  river,  as  does  the  blank  (non-uniform)  area  shown  in  Figure  3. 

Basic  statistics  for  the  ”stripmine**  category,  obtained  by  the  STATS 
program  are  shown  in  Figure  4,  Statistics  for  the  desired  categories, 
as  obtained  from  a series  of  sample  sites,  are  input  to  a classification 
program.  Figure  5 shows  the  output  from  the  DCLASS  program  which 
classifies  according  to  a minimum  euclidean  distance  algorithm.  In 
this  case,  only  two  general  categories  are  represented  by  symbols; 
unclassified  elements  are  left  blank,  LHAP  output  using  data  from 
the  DCLASS  program  is  shown  in  Figure  6. 

It  frequently  happens  that  a sample  target  is  not  of  sufficient  size 
or  area  to  lend  itself  to  categorization  using  the  STATS  program.  Such 
targets  may  be  linear  features  such  as  streams,  or  a series  of  small 
scattered  features  which  are  not  large  enough  to  be  represented  as  uni- 
form areas  by  UMAP,  In  such  cases,  these  areas  are  defined  for 
analysis  by  an  unsupervised  classifier  which  develops  its  own  set  of 
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Figure  1:  Test  site  northeast  of  Clearfield,  Pennsylvania.  (Taken 

from  uses  7 1/2  minute  quadrangle  maps,  "Clearfield"  and 
"Lecontes  Mills,"  both  printed  in  1971  and  1959,  respectively.) 
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Figure  2 ; Brightness  map  (MAP) . 
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Figure  3:  Uniformity  map  (UMAP) . 
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CHANNELS  USED  : 1 2 3 4 
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Figure  4 : Statistics  of  sample  areas  for  a category  obtained  by  STATS. 
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Figure  5 : Classification  map  using  signatures  obtained  by  STAFS. 
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BLANK:  Other 

Figure  6 : Prellntinary  classification  map  of  the  Clearfield  area  (LMAP). 
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spectral  signatures  and  statistics  using  a clustering  algorithm.  The 
map  output  of  one  such  program,  DCLUS,  is  shown  in  Figure  7.  A compari- 
son of  Figure  7,  with  the  DCLASS  output  of  Figure  5 reveals  that  DCLUS 
was  able  to  map  some  features  which  could  not  be  mapped  by  DCLASS  with 
STATS  signatures.  Map  output  from  DCLASS,  using  signatures  from  the 
DCLUS  statistics,  is  shown  in  Figure  8 in  LMAP  form. 

The  approach  employed  for  change  detection  or  where  a temporal  dimension 
is  involved  is  similar  to  the  approach  for  non-temporal  analyses  in  many 
respects.  The  major  difference  is  in  the  establishment  of  permanent 
training  areas  for  supervised  analysis  and  classification  and  permanent 
analysis  areas  for  unsupervised  analysis  and  classification.  These 
areas  must  be  selected  and  specified  more  carefully  and  with  more 
refinement  than  when  the  temporal  dimension  is  not  of  interest. 


HYBRID  ANALYSIS 

After  separate  analyses  of  ERTS-1  data  by  photointerpretation  alone  and 
by  computer  processing  of  MSS  digital  data  without  the  assistance  of 
photointerpretation,  it  became  apparent  that  each  method  had  short- 
comings which  might  be  overcome  if  the  methods  were  combined.  When 
applying  photointerpretation  techniques  to  ERTS  imagery,  in  only  a few 
cases  could  a feature  be  uniquely  determined  by  this  method  alone.  The 
use  of  U2,  C130  and  C54  imagery  has  been  found  to  improve  these  inter- 
pretation results,  but  photointerpretive  techniques  have  not  been 
completely  satisfactory  as  a single  means  of  analysis.  Computer  differ^ 
entiation  of  areas  from  scanner  data  is  far  superior  to  that  done  by 
the  hximan  eye.  Computation  of  areas  from  the  digital  data  makes 
delineation  of  these  areas  unncesssary  and  is  far  more  accurate  than 
planemetric  methods  at  the  scale  of  ERTS  MSS  imagery.  Since  the  end 
result  of  processing  ERTS-1  data  is  a map,  the  automated  processes  of 
thematic  mapping  by  computer  is  the  efficient  way  to  go.  However, 

"ground  truth"  is  the  key  to  correct  signatures  for  this  mapping. 
Underflight  data  and  photointerpretation  of  underflight  photography, 
as  well  as  of  ERTS  Imagery,  are  vital  links  leading  to  valid  signatures 
for  the  thematic  map.  A marriage  of  these  two  disciplines,  photointer- 
pretation and  computer  processing,  is  essential  for  maximum  utilization 
of  ERTS-1  data.  Thus  ORSER  investigators  evolved  a method  of  ERTS  MSS 
data  analysis  referred  to  as  the  "hybrid  approach"  and  shown  in  Figure  9. 
This  method  involves  intimate  interaction  of  the  computer  analyst  and 
the  photointerpreter,  using  aircraft  photography  for  comparison  with 
the  computer  output,  A Bausch  and  Lomb  Zoom  Transferscope  is  frequently 
used  for  this  comparison. 


CORRECTION  OF  BANDING  IN  MSS  DIGITAL  DATA 

In  the  ERTS-1  instrument  configuration,  six  banks  of  the  four  channel 
sensors  record  data  for  six  scan  lines  simultaneously.  MSS  digital 
data  have  been  received  in  which  data  for  every  sixth  scan  line  was 
found  to  be  inconsistent.  The  effect  was  first  recognized  as  banding 
with  a modulo  of  six  in  computer  output  maps.  To  investigate  the 
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Figure  7 • Signature  map  by  DCLUS . 
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A:  STRIPMINE 

+:  HIGHWAY 
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— : VEGETATION 


Figure  8 : Classification  map  of  the  Clearfield  area  (LMAP) 


Explanation  of  the  steps  shown  in  Figure 
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The  letters  correspond  directly  to  those  shown  in  the  diagram 
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Figure  9t  Flow  diagram  for  the  hybrid  approach  to  ERTS  data  processing. 


problem,  the  NMAP  program  was  extended  to  compute  the  mean  and  variance 
for  each  channel  for  each  line  modulo  six.  In  some  cases  it  was  deter- 
mined that  the  mean  value  of  every  sixth  line  was  less  than  one-tenth 
the  value  for  each  of  the  other  five  lines  for  tljie  third  MSS  channel. 
(The  other  three  channels  were  consistent  for  the  first  five  scan 
lines.)  Similarly,  the  standard  deviation  of  the  sixth  line  iti  the 
fourth  MSS  channel  was  found  to  be  about  six  times  larger  than  corre- 
sponding values  for  the  other  five  lines. 


It  was  apparent  that  the  data  cojuld  be  recalibrated,  at  least  in  an 
approximate  way,  by  use  of  the  MSS  data  alone.  Output  from  the  NMAP 
program  indicates  which  sensors  in  which  of  the  six  banks  of  sensors 
are  involved.  The  SUBSET  program  has  been  extended  to  allow  input  of 
recalibration  parameters  for  the  offending  sensor  data.  The  following 
correction  is  then  applied: 


where 


X , is  the  recalibrated  value  for  scan  line  i,  element  j, 
^ and  channel  k; 


"ijk 


is  the  corresponding  original  value; 


X,  « is  the  computed  mean  for  channel  k and  for  line 
Jl  » modulo  (j,6)  "H  1 taken  from  NMAP  output; 


®kji 


is  the  corresponding  standard  deviation; 


s^^  is  the  recalibration  standard  deviation  computed  as  the 
average  of  unaffected  standard  deviations  for  channel  k 
based  on  NMAP  output;  and 

X/«  is  the  cGrresponding  recalibration  mean. 


This  correction  has  eliminated  the  banding  problem  in  all  data  to  which 
it  has  been  applied. 


RESULTS 

The  applications  objectives  of  the  ORSER  interdisciplinary  investigation 
are  grouped  into  three  major  categories:  (1)  geology  and  hydrology; 

(2)  inventory  of  natural  resources  and  land  use;  and  (3)  environmental 
quality. 

Applications 

Specific  results  obtained  to  date  include  a study  of  land  use,  discrimi- 
nation between  types  of  forest  resources  and  vegetation,  detection  of 
previously  unknown  geologic  faults  and  correlation  of  these  with  known 


1820 


mineral  deposits  and  ground  water,  mapping  of  mine  spoils  in  the 
anthracite  region  of  eastern  Pennsylvania,  mapping  of  strip  mines  and 
detection  of  acid  mine  drainage  effects  in  Central  Pennsylvania, 
agricultural  land  use  mapping,  and  detection  of  g3npsy  moth  infestation. 

Temporal  and  Spatial  Transference  of  ERTS  Spectral  Signatures 

Spectral  signatures  were  developed  for  various  vegetative  and  water 
targets  in  a forested  area  near  the  East  Branch  Reservoir  in  north- 
central  Pennsylvania,  using  data  from  ERTS  scene  1028-15295  for 
August  20,  1972.  These  signatures  were  then  used  to  classify  targets 
in  the  Stone  Valley  Experimental  Forest  for  scene  1045-15243  of 
September  6,  1972.  These  signatures  were  initially  used  without 
success.  The  data  for  the  two  scenes  were  then  recalibrated  to  match 
means  and  variances  by  channel  and  modulo  line  number  in  accordance 
with  the  recalibration  algorithm  given  above.  After  this  recalibration, 
excellent  classification  of  the  Stone  Valley  area  was  achieved  using 
data  from  the  East  Branch  area.  Since  the  signatures  used  for  classifi- 
cation were  developed  from  ERTS  data  collected  17  days  earlier  and  in  an 
area  approximately  150  miles  away  from  Stone  Valley,  it  appears  that 
transference  of  spectral  signatures  in  both  time  and  space  is  feasible. 


COST  ANALYSIS 

Two  major  components  of  the  cost  for  analyzing  and  intert>reting  ERTS-1 
digital  data  are  computing  cost  and  personnel  cost.  Computing  cost  can 
be  partitioned  into  the  cost  for  spectral  signature  identification  and 
the  cost  for  processing  bulk  data  after  signatures  have  been  identified. 
The  major  personnel  cost  is  associated  with  the  development  of  signa- 
tures, since  remote  sensing  analysts  and  interpreters  are  required  for 
this  phase.  In  the  processing  of  bulk  data,  much  less  personnel  time  is 
required,  although  analysts  and  interpreters  remain  closely  involved  in 
evaluating  the  products. 

In  the  Susquehanna  River  Basin  test  site  in  Pennsylvania,  two  character- 
istics dominate  the  analysis  and  interpretation  of  ERTS-1  data.  These 
are  the  diversity  of  targets  and  the  areal  smallness  of  target  units. 
Compared  with  other  areas  where  these  characteristics  are  less  pronounced, 
signature  identification  presents  a greater  challenge  and  is  therefore 
likely  to  be  more  costly.  In  addition,  the  cost  for  signature  identifi- 
cation is  contingent  upon  the  nature  of  the  particular  problem  to  be 
solved  and  therefore  it  is  difficult  to  categorically  specify  this  cost. 

In  the  computation  cost  evaluations  provided  here,  the  computer  run 
costs  are  based  on  the  standard  rates  charged  at  the  Computation  Center 
of  The  Pennsylvania  State  University.  The  ORSER  MSS  computer  analysis 
methods  emphasize  the  minimization  of  computation  costs  by  being 
designed  for  signature  identification  based  on  short  computer  runs  on 
small  subsets  of  ERTS-1  data. 

Data  for  personnel  and  computation  cost  were  obtained  for  a typical  ERTS 
scene  analysis.  For  the  identification  of  22  signatures  judged  necessary 


1821 


to  meet  the  analysis  objectives,  ^he  personnel  cost  was  $400  and  the 
computation  cost  was  $600,  a tot  1 of  $1000«  Using  the  22  signatures, 
mapping  of  a full  ERTS-1  scene  ost  $560,  based  on  a cost  of  $0,043  per 
square  mile.  Considering  signature  identification  cost  plus  full-scene 
processing  cost,  the  cost  per  square  mile  was  $0.12.  For  subsequent 
scenes  of  the  same  area,  signature  identification  cost  would  be  expected 
to  be  "substantially  less  because,  in  the  first  time  through,  a great 
deal  of  personnel  time  and  computer  cost  are  spent  in  familiarization 
and  learning  for  the  specific  area  and  targets.  Much  of  this  work  does 
not  have  to  be  repeated  in  subsequent  analyses  of  the  same  area. 

Data  have  been  accumulated  for  the  computation  costs  of  running  different 
programs.  For  subsetting  a complete  ERTS-1  digital  tape,  the  cost  has 
averaged  $0. 032/square  mile.  The  cost  of  running  mapping  and  classifi- 
cation programs  has  been  found  to  be  dependent  on  the  number  of  signatures 
as  well  as  the  area  to  be  mapped.  The  dollar  cost  per  square  mile  (C) 
as  a function  of  the  number  of  signatures  (S)  has  been  found  to  adhere 
to  the  following  formula: 

C - S (2.56)  10"^ 

For  15,  30,  and  60  signatures,  this  cost  is  $0,038,  $0,075  and  $0,154, 
respectively. 

The  computer  time  required  for  running  mapping  and  classification  programs 
is  also  dependent  on  the  number  of  signatures  and  the  area  to  be  mapped. 
T3rpically,  one  complete  ERTS  scene  can  be  classified  using  eight 
categories  in  approximately  one  hour. 


The  above  calculations  of  analysis  and  processing  costs  have  not  taken 
into  account  the  cost  of  developing  the  digital  computer  processing 
system.  The  system  was  developed  so  that  it  could  be  easily  used  for 
processing  ERTS-1  as  well  as  any  other  satellite  or  airborne  platform 
MSS  digital  data.  The  system  development  has  not  been  financially 
supported  by  the  ERTS-1  project,  although  it  has  received  partial  NASA 
support  through  a sustaining  University  grant.  Extension  and  modifica- 
tion of  the  system  has  been  partially  supported  in  the  ERTS-l  project. 
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ERTS  IMAGE  DATA  COMPRESSION  TECHNIQUE  EVALUATION 
Curtis  L.  May,  TRW  Systems,  One  Spece  Park,  Redondo  Beach,  California 


ABSTRACT 


This  paper  presents  the  background  and  results  of  an 
investigation  concerning  the  use  of  multi  spectral  data 
compression  in  the  ERTS  program.  An  average  compression 
of  greater  than  2:1  has  been  achieved  under  the  constraint 
of  zero  distortion  in  the  reconstructed  image,  and  four 
MSS  tapes  can  be  compressed  to  fill  less  than  one  reel  of 
magnetic  tape.  A preliminary  study  of  the  hardware  im- 
plementation of  this  processor  proves  the  feasability  of 
compression  at  input  bit  rates  of  over  ZOOMbs. 
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INTRODUCTION 


The  objective  of  this  investigation  is  the  determination  of  the  degree  of 
data  compression  which  can  be  obtained  for  ERTS  multispectral  imagery  using  a 
set  of,  algorithms  which  inherently  produce  zero  distortion  in  the  reconstructed 
data.  The  results  obtained  can  be  used  for  determining  the  feasibility  of 
data  compression  as  an  integral  part  of  future  ERTS  programs,  either  for 
spacecraft  or  ground  processing  applications. 

Due  to  the  large  volume  of  data  generated  by  the  ERTS  system,  data  handling 
problems  arise  in  communication  links,  in  ground  data  processing,  and  in  ground 
data  storage  and  archiving-  In  the  future,  as  the  data  load  increases,  the 
feasibility  of  including  an  experiment  may  be  threatened  by  the  data  rates  and 
processing  required.  Efficient  source  encoding  (data  compression)  can  yield 
significant  benefits  and  alleviate  such  problems  by  exploiting  spectral  and 
spatial  redundancies  in  the  data. 

The  sucess  of  the  earth  resources  programs  is  largely  dependent  on  the 
satisfaction  provided  users  of  the  data,  this  satisfaction  depends  on  how  well 
the  data,  as  formatted  and  processed,  helps  the  individual  accomplish  tasks 
relative  to  his  goals.  Any  processing  performed  on  the  data  must  be  accomplish- 
ed without  sacrificing  the  information  fidelity  required  by  the  user. 

TRW  developed  a class  of  low  complexity  data  compression  techniaues  tailored 
to  the  characteristics  of  multispectral  data.  These  techniques  are  based 
on  the  Spectral -Spatial -Delta- Interleave  (SSDI)  algorithm  which  is  inherently 
strictly  information  preserving  (s.i.p.),  providing  reconstructed  data  identical 
to  the  digital  sensor  data  input  to  the  compressor  unit.  Such  compression 
preserves  the  data  and  cannot  be  criticized  by  any  user  as  invalidating  his 
data  requirements. 

The  ERTS  investigation  involved  six  major  tasks: 

1.  Modification  of  the  TRW  developed  master  data  compression 
computer  programs  to  appropriately  reformat  the  input  MSS 
tapes  and  generated  the  required  output  products, 

2.  Select  30  subscenes  and  4 full  scenes  from  available  NASA 
tapes  for  processing. 

3.  Measurement  of  pertinent  MSS  data  statistics  for  scenes  processed. 

4.  Measurement  of  desired  global  and  time-varying  compressed  data 
statistics. 
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5.  Generation  of  reconstructed  imagery  for  selected  full  scenes, 
including  a scene  processed  by  a low  distortion  algorithm  and 
a scene  subjecteci  to  simulated  channel  errors. 

6.  Evaluation  and  interpretation  of  study  results. 


Description  of  Algorithms  Used 

The  Spectral -Spatial -Del ta-Interleave  (SSDI)  algorithm  is  a method  of  data 
compression  for  multi  spectral  data  which  removes  a maximum  amount  of  redundancy 
subject  to  the  constraints  of  moderate  complexity  and  maximal  processinq  SDeed" 

The  algorithm  first  operates  on  the  spatial  redundancy  in  each  spectral  band 
and  then  uses  the  information  obtained  to  reduce  spectral  redundancies  between 
adjacent  bands. 

In  order  to  provide  a conceptual  description  of  the  basic  SSDI  algorithm. 
Figure  1 is  provided.  For  simplicity,  only  three  spectral  bands  are  shown  and 
each  ground  picture  element  (pixel)  I consists  of  three  quantized  spectral 
components,  1^,  Ig,  I . The  algorithm  proceeds  in  the  following  fashion. 

First,  within  each  spectial  band,  each  pixel  intensity  is  subtracted  from  the 
intensity  preceding  it  along  the  scan  line.  To  each  pixel  there  can  then  be 
assigned  a triple  of  DPCM  differences,  denoted  (a  , Ag,  A^). 

These  deltas  are  subsequently  differenced  to  obtain  second  differences, 
between  adjacent  spectral  bands;  viz  dy^  = Ag-  a^  and  ds  - Ay-Ag.  Each  original 
pixel  may  now  be  assigned  the  tripla  (a^,  d^^i  do).  Due  to  spectral  correlation, 
it  should  be  true  that  on  the  average,  |d^l+  |dg|  < lAgj  + 1Ay|.  The  triple 
of  interleaved  first  and  second  differences  allow  the  unambiguous  reconstruction 
of  a pixel  given  the  reconstruction  of  the  intensity  of  the  previous  pixel.  For 
the  four  channel  ERTS  data,  one  spatial  difference  and  three  spectral  differences 
are  transmitted  per  pixel. 

The  final  step  in  the  SSDI  algorithm  Involves  source  coding  of  these  SSDI.  , 
difference  symbols.  Three  methods  of  coding  were  inYestigated;  Global  Huffman*-'^-’ , 
adaptive  Huffman,  and  the  universal  Rice  algorithmic^ , These  source  encoding 
techniques  use  the  statistics  of  the  source  symbols  to  generate  a compressed  bit 
stream  having  a bit  rate  close  to  the  first  order  entropy  of  the  symbols. 

An  extension  of  the  SSDI,  the  SSDIA,  uses  a block  of  contiguous  pixels  to 
generate  the  first  difference  symbols.  A higher  average  compression  is  obtained 
with  the  SSDIA  beeause  two  dimensional  spatial  correlation  is  exploited  and  sensor 
and  sampling  noises  are  smoothed  through  averaging.  The  SSDIA  is  also  strictly 
information  preserving.  Another  modification  allows  the  mapping  of  the  original 
pixel  intensities  within  controlled  limits  before  the  first  differences  are 
formed.  This  algorithm,  the  SSDI AM,  allows  a small  degree  of  distortion  in  the 
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reconstructed  data  but  yields  a significantly  higher  compression  than  either  the 
SSDI  or  SSDIAM  algorithms.  The  SSDIAM  produces  minimal  visual  degradation  in  the 
reconstructed  imagery  and  has  little  or  no  effect  on  classification  algorithms. 


Results  of  the  Investigation 


Thirty  5x5  nmi  subscenes  and  four  25x25  nmi  scenes  were  processed.  The 
subscenes  were  drawn  eleven  "object  classes"  such  that  each  subscene  contained 
a single  class.  These  classes,  listed  in  the  first  column  of  table  1,  were 
based  on  coverage  of  the  predominant  objects  encountered  on  earth  survey 
missions  and  the  classes  span  the  range  of  source  data  activities  to  be  ex- 
pected. The  results  of  subscene  processing  serve  to  roughly  bound  the  expected 
compressed  data  rates  which  could  occur. 

The  performance  of  the  SSDI  algorithms  is  highly  dependent  on  the  source 
data  statistics.  For  this  reason,  several  key  statistics  relating  to  comoression 
performance  were  measured  for  each  scene  processed.  These  statistics  are: 

, Mean  and  variance  per  spectral  band  and  over  all  bands, 

, Cross  spectral -spatial  correlation. 

• Spectral  correlation  (joint  probability  distribution  of 
f i rst  di ff erences ) . 

The  statistics  measured  on  each  scene  correlated  well  with  the  compressed 
bit  rates  achieved.  In  addition,  a sensor  anomaly  occurring  every  sixth  scan 
line  of  spectral  band  five  was  evident  from  these  statistical  measurements.  The 
inherent  sensor  and  quantization  noise  energy  was  estimated  for  each  spectral  band. 

For  each  scene,  several  key  statistics  and  global  measures  of  the  data 
compression  performance  were  obtained.  These  measurements  serve  as  an  indicator 
of  the  compression  to  be  expected  on  similar  subscenes  containing  the  same  object 
class  and  permit  a comparison  of  the  efficacy  of  each  compression  technique  for 
similar  data.  The  following  measures  were  obtained  for  each  scene: 

• Probability  distribution  of  the  SSDI,  SSIDA,  and  SSDIAM  symbols, 

• Average  compression  achieved  by  the  global  Huffman  coding  of 
the  scene  using  the  SSDI,  SSDIA,  and  SSDIAM  modes, 

• First-order  entropy  of  the  symbol  distributions. 

• Line-by-line  time-varying  and  overall  compressed  bit  rates  using 
the  global  Huffman,  adaptive  Huffman,  and  Rice  algorithm  on  the 
source  symbols. 

• Buffer  statistics  for  Rice-encoded  data. 

• Global  Huffman  codes  associated  with  the  various  compression  modes. 
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The  overall  compressed  bit  rates  achieved  for  the  various  object  classes 
are  summarized  in  Table  1.  The  compressed  bit  rates  generally  reflect  the 
level  of  data  activity  in  the  object  class  and  the  entries  serve  as  a guide  for 
determining  the  expected  performance  of  the  algorithms  for  another  scene  contain- 
ing the  same  object  class.  The  compressed  bit  rate  for  a scene  containing 
multiple  object  classes  can  be  estimated  by  weighing  the  bit  rate  of  each  object 
class  by  its  percentage  of  occurrence  in  the  scene. 

A typical  global  Huffman  code  is  shown  in  Figure  2.  Since  the  code  is 
generally  synmetric  about  the  zero  level  symbol,  only  one  half  of  the  symbol 
codes  are  shown.  A graph  of  buffer  statistics  is  shown  in  Figure  3 for  the 
SSDIA/Rice  mode  with  an  output  buffer  rate  of  3 bits/pixel,  the  scene  contains 
ocean  over  scan  lines  1 through  24  and  lines  120  through  160.  Catalina  Island 
covers  scan  lines  25  through  119.  Over  the  ocean,  a compressed  bit  rate  of  about 
1.5  bits/pixel  produces  buffer  underflow.  A bit  rate  higher  than  3 bits/pixel 
occurs  over  the  island  to  produce  a buffer  fill. 

Compressed  data  is  far  more  vulnerable  to  the  effects  of  channel  errors 
than  the  original  PCM  data  due  to  the  removal  of  redundancy.  The  effect  and 
propogation  of  bit  errors  during  transmission  was  evaluated  and  photographs  of 
the  reconstructed  images  were  made.  Using  a one  percent  memory  update  rate, 
error  effects  were  minimal  for  channel  (or  tape)  bit  error  rates  of  10-5  or 
less. 


The  low  distortion  SSDIAM  algorithm  was  studied  for  two  controlled  mapping 
levels.  A mapping  level  of  m constrains  all  reconstructed  pixel  intensities  to 
lie  within  |m|  levels  of  the  original  intensities.  For  example,  with  an  inout 
intensity  of  108  and  a mapping  level  of  1,  the  reconstructed  intensity  would 
be  107,  108,  or  109. 


The  first  mapping  used  was  m=l,  resulting  in  a mean  square  error  of  .0112 
percent  and  no  visual  degradation  of  the  reconstructed  image.  A mapping  level  of 
1 apparently  smooths  sensor,  quantization,  and  ground  processing  noises.  A 
second  run  with  m=3  produced  a mean  square  error  of  .103  percent.  Areas  of  high 
data  activity  were  well  reproduced  due  to  the  absence  of  overshoot  and  slope  over- 
load but  some  visual  degradation  occurs  in  areas  of  very  low  data  activity  due 
to  contouring  effects.  An  improved  adaptive  SSDIAM  would  eliminate  contouring 
by  varying  m dependent  on  data  activity. 

To  complement  the  computer  simulation  of  the  data  compression  algorithms, 
a concurrent  investigation  of  an  implementation  of  the  SSDI/Rice  data  compressor 
was  performed.  An  overall  block  diagram  of  the  unit  is  shown  in  Figure  4.  Using 
standard  SSI  and  MSI  Shottky  TTL  and  bi -polar  RAM's,  the  compressor  can  handle 
an  input  data  rate  over  100  Mbps  with  a corresponding  weight  of  3.7  Tbs.,  and 
30.7  watts  of  power.  Large  scale  integration  could  improve  these  figures. 
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Conclusions  and  Applications  of  Investigation 


The  investigation  yielded  a significant  amount  of  data  regarding  source 
statistics,  compression  statistics,  algorithm  performance  and  tradeoffs,  and 
preliminfiry  hardware  considerations. 

, Compressed  bit  rates,  averaged  over  the  scene,  vary  from  a 
minimum  of  1.22  bits/sample  to  a maximum  of  3.747  bits/sample 
for  the  strictly  information  preserving  algorithms, 

• The  compressed  bit  rates  obtained,  averaged  over  all  scenes 
processed,  are: 

2.99  bits/sample  for  SHELL/global  Huffman 
2.98  bits/sample  for  SSDI/global  Huffman 
2.92  bits/sample  for  SSDIA/global  Huffman 
2.50  bits/sample  for  SSOIAM/global  Huffman 
2.67  bits/sample  for  SSDI /adaptive  Huffman 
2.70  bits/sample  for  SSDI/Rice 

, For  well-behaved  data,  the  SSDIA  technique  gives  a lower  compressed 
bit  rate  than  the  SSDI  algorithm.  For  anomalous  data  such  as  that 
produced  by  a defective  sensor,  this  is  not  always  true. 

e The  essentially  information  preserving  SSDIAM  produces  a significantly 
lower  compressed  bit  rate  than  the  strictly  information  preserving 
SSDIA  algorithm.  The  effects  of  such  distortion  appears  minimal  when 
properly  performed  and  areas  of  high  detail  are  well  preserved  with  no 
slope  overload  or  overshoot. 

• The  strictly  information  preserving  algorithms  can  compress  four  full 
100x100  nmi  scenes  to  occupy  the  same  number  of  magnetic  tapes  currently 
required  to  store  one  full  scene.  An  even  greater  reduction  is  possible 
with  the  essentially  information  preserving  algorithms. 

• The  effect  of  channel  errors  is  minimal  if  the  channel  bit  error  rate 
is  less  than  10"®',  Channels  with  higher  error  rates  can  be  used  if 
frequent  memory  updates  are  included. 

• While  not  conclusive,  the  compression  obtained  on  spacecraft  data 
seems  to  be  comparable  or  higher  than  that  obtained  for  ground- 
processed  data, 

« An  implementation  of  the  SSDI/Rice  algorithm  was  develooed  to  illustrate 
the  feasibility  of  operation  at  rates  above  100  Megabits/second  with 
moderate  complexity.  Parallel  data  coraoressor  units  operating  on 
blocks  of  data  permit  operation  at  several  hundred  Megabits/second. 

• The  SSDI/Rice  algorithm  is  well  suited  for  spacecraft  data  compression 
applications.  The  SSDI/Huffman  algorithm  provides  an  efficient  data 
compression  and  reconstruction  technique  suitable  for  use  in  ground 
applications. 
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A conslderabTe  wealth  of  new  source  and  compressed  data  statistical 
measurements  resulted  from  this  study  due  to  the  volume  of  ERTS  data  processed 
and  the  correlation  of  these  measurements  with  a standard  set  of  object  classes. 


Application  of  this  Investiciation  to  ERTS  Program 

This  study  concentrated  on  the  low  complexity  SSDI  algorithms  combined 
with  source  encoding  as  a technique  applicable  to  either  the  spacecraft  or 
ground-based  data  compression  of  ERTS  digitized  imagery.  The  results  are  quite 
eneouraging  regarding  the  suitability  of  these  techniques  for  applications  in 
the  ERTS  program. 

The  SSDI/Huffman  algorithm  forms  the  basis  of  an  efficient  technique 
for  ground-based  data  eompression  and  reconstruction  that  can  be  performed  with 
a modest  amount  of  computer  processing.  Results  indicate  that  the  average  100x100 
nmi  scene  can  be  compressed  to  a single  reel  of  magnetic  tape  and  reconstructed 
with  no  loss  of  information.  This  reduction  in  storage  from  four  reeU  of  tape 
to  a single  reel  yields  economic  benefits  through  a reduction  in  tape  costs  and 
in  the  tape  storage  facilities  required  while  permitting  a simplified  archival 
procedure  to  be  employed. 

The  essentially  information  preservinq  SSDIM  or  SSDIAM  algorithms  can  yield 
reconstructed  data  which  has  a fidelity  acceptable  for  many  users  of  ERTS  data 
and  allows  an  even  greater  compaction  of  data.  An  improved  adaptive  form  of  this 
algorithm  may  allow  storage  of  two  100x100  nmi  scenes  on  a single  reel  of  tape. 

The  distortion  induced  at  present  in  the  data  by  the  ground  decompression 
algorithms  is  comparable  in  degree  to  that  produced  by  the  SSDIM  with  {mi  = 1. 
Proposed  techniques  for  the  geometric  correction  of  ERTS  imagery  involve  prediction 
on  interpolation  of  corrected  data  intensities,  a process  which  is  also  essentially 
information  preserving.  Instead  of  cascading  the  operations  of  decompression, 
geometric  correction,  and  data  compression  the  three  techniques  could  be  combined 
into  a composite  algorithm  which  would  increase  processing  efficiency  while 
minimizing  the  data  stored. 

The  SSDI/Rice  technique  is  a viable  candidate  for  spacecraft  applications 
permitting  a doubling  of  the  data  transmitted  to  ground.  The  reconstructed  data 
is  of  high  quality  provided  the  channel  bit  error  rate  is  10"^  or  less.  To 
further  decrease  the  effects  of  channel  errors  and  allow  the  use  of  downlinks 
having  a higher  bit  error  rate,  error  correction  coding  can  be  applied  to  the 
compressed  data. 


1829 


In  conclusion,  the  results  of  this  study  indicate  that  the  use  of  data 
compression  on  ERTS  data  yields  both  economic  and  operational  benefits.  The 
tradeoff  between  strictly  and  essentially  information  preserving  forms  of  the 
algorithms  depends  on  the  effect  of  slight  distortion  on  the  various  uses  of 
ERTS  data. 
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Figure  1.  Definition  of  First  and  Second  Order  Differences  in  SSDI 
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SYMBOL  LEVEL  PROBABILITY  CODEWORD 


Figure  2.  Typical' Huffman  Code 
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Figure  3l  Buffer  Statistics  of  Scene  15  (Ca 

Compression  Technique  Used  - SSDXA/i 
Average  Compressed  Data  Rate  - 2.89 
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SCAN  LINE  NUMBER  IN  SUBSCENE 
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EVALUATION  OF  DIGITALLY  CORRECTED  ERTS  IMAGES 

John  E.  Taber,  TRW  Systems  Group,  One  Space  Park,  Redondo  Beach,  California  90278 


A view  of  almost  any  uncorrected  photograph  constructed  from  ERTS  MSS 
data  provides  a striking  example  of  a small  section  of  llie  eartix  as  seen 
from  space.  Such  images,  beautiful  as  they  are  to  the  eye,  however, 
contain  errors  that  limit  their  usef\ilness  where  mensuration,  precise 
location  and/or  temporal  registration  are  required.  Figure  1 shows  a 
sequence  of  steps  each  of  which  affected  the  quality  of  the  data  received 
and  the  reconstructed  image  resulting  therefrom.  When  quantitative 
knowledge  of  specific  errors  exists  it  is  usually  possible  to  compensate 
for  them  but  a vaEd  question  concerns  the  introduction  of  new  degrada- 
tions in  the  process. 


Figure  1.  Image  Error  Source  Sequence 

While  TRW*s  ERTS-data  investigation  has  been  concerned  with  the  entire 
aspect  of  image  correction,  the  discussion  here  is  limited  to  processes 
by  which  a set  of  data  samples  collected  on  a geometrically  distorted 
grid  can  be  converted  to  samples  on  a different  precisely  specified  grid. 

It  is  assumed  that  a mathematical  expression  for  the  desired  transfor- 
mation already  exists,  though  deriving  this  transformation  from  space- 
craft ephemeris  and  attitude  data,  terrain  data,  and  ground  control  points 
located  within  the  scene  is  a subject  for  discussion  by  itself.  Our  con- 
cern here  will  be  the  effects  on  image  quality  (specifically  loss  of 
resolution,  photometric  accuracy,  and  miscellaneous  aberations)  that 
result  from  various  techniques  used  in  accomplishing  the  resampling. 
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The  resampling  techniques  evaluated  have  included  nearest  neighbor, 
bilinear,  cubic  convolution,  and  various  truncated  versions  of  sine  (x). 
Our  conclusion  is  that  cubic  convolution  yields  substantially  higher 
quality  output  data  for  scenes  typically  encoimtered  and  can,  in  some 
instances,  substantially  enhance  one*s  ability  to  abstract  information. 

To  establish  the  quality  of  a particular  resampling  technique  one  would 
like  to  compare  the  end-product  with  the  original  terrestrial  scene.  But 
this  is  not  available  to  us;  only  the  samples  collected  on  an  ihcorrect 
grid  are.  By  fe.llmg  back  on  &e  sampling  theorem,  ho^vever,  we  can 
determine  the  most  likely  band-limited  replica  of  the  original  scene  and 
then  use  this  as  a reference  for  comparison.  This  is  done  by  summing  a 
series  of  two-dimensional  sine  functions  each  weighted  by  the  amplitude 
of  the  correspondmg  sample.  We  call  the  resulting  replica  the  reference 
image  and  verify  its  uniqueness  by  deriving  a new  set  of  samples  at  the 
mid-points  of  the  original  set,  synthesizing  a new  replica  and  verifying 
that  it  is  no  different  than  the  first.  For  practical  reasons,  including 
roundoff  of  the  new  samples  and  failure  to  include  in  the  new  representa- 
tion samples  from  outside  the  desired  scene,  this  reversibility  can  only 
be  approached;  but  as  further  discussion  will  show,  it  can  be  approached 
quite  closely. 

The  implementation  of  the  above  theoretical  possibility  is  impractical  for 
many  reasons  and  therefore  more  easily  implementable  techniques, 
which  are  close  approximations  are  sought.  The  nearest  neighbor 
approach  consists  of  defining  the  value  at  each  point  between  samples  to 
equal  that  of  the  sample  closest  to  it-  Similarly,  the  bilinear  approach 
consists  of  fitting  the  region  between  any  four  samples  with  a bilinear 
function.  Figure  2 illustrates  a one-dimensional  example  of  a synthe- 
sized curve  using  a nearest  neighbor  and  a bilinear  approach.  The  dark 
solid  curve  is  the  reference  curve  synthesized  from  sine  functions,  the 
dotted  curve  is  the  nearest  neighbor  and  the  light  solid  curve  is  the 
bilinear.  Values  at  any  set  of  new  grid  points  can  now  be  established  by 
taking  the  height  on  the  corresponding  curve  at  the  desired  sample 
position.  One  can  quickly  see  the  intensity  errors  introduced  in  the 
correction  process. 
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Figure  2.  One -Dimensional  Synthesized  Interpolation  Curves 
for  Nearest  Neighbor  and  Bilinear  Approaches 


We  know  tlxat  the  unique  band -limited  function  derived  from  the  sampling 
theorem  is  smooth  because  it  is  continuous  in  value  and  all  derivatives. 
Therefore,  in  seeking  a better  interpolation  we  seek  functions  with  more 
smoothness  thsui  the  nearest  neighbor  (which  has  no  continuity)  and  the 
bilinear  function  which  is  continuous  in  value  but  not  continuous  in  any 
derivative.  A cubic  spline  permits  continuity  in  value  and  slope  and  can 
be  chosen' to  minimize  discontininty  in  the  second  derivative.  It  has  not 
been  plotted  in  Figure  2 because  it  lies  so  close  to  the  reference  eurve 
as  to  be  mdistirigmshable  from  it.  Analysis,  however,  shows  peak  errors 
of  two  to  three  percent  are  possible.  The  technique  used  for  implemen- 
ting the  cubic  spline  leads  to  its  name,  cubic  convolution.  Establishing 
this  function  in  the  interval  between  two  samples  requires  the  values  of 
four  samples;  two  on  each  side  of  the  interval.  (In  two -dimensions  this  is 
16  points. ) 

Synthesis  of  an  interpolation  function  can  alternately  be  obtained  by 
summing  a set  of  impulse  responses,  one  corresponding  to  each  sample. 
The  unit  impulse  response  for  the  nearest  neighbor,  the  bilinear,  and 
cubic  convolution  are  shown  in  Figure  3.  The  impulse  response  for  the 
band-limited  unique  mterpolation  function  is  of  course  the  sine  function. 


Figure  3.  Impulse  Responses  for  Three 
Interpolation  Functions 

To  indicate  the  quality  of  images  resampled  by  these  three  approaches, 
refer  to  Figure  4 which  illustrates  uncorrected  bulk  imagery,  nearest 
neighbor,  bilinear,  and  cubic  convolution  resamplmg.  Reproduction  of 
these  images  has  been  accomplished  using  a line  printer  where  each 
pixel  corresponds  to  a 3 X 3 dot  square  and  ten  grey  levels  are  conveyed 
by  the  number  of  dots  in  the  square  which  are  black  or  white.  One  can 
notice  the  great  detail  that  exists  in  the  bulk  images,  the  somewhat 
blocky  appearance  of  the  nearest  neighbor  scene,  the  degraded  resolu- 
tion of  the  bilinear  scene,  and  the  relatively  high  quality  of  the  cubic 
convolution  scene. 

To  evaluate  more  quantitatively  the  errors  that  are  introduced  during 
interpolation,  TRW  has  synthesized  a smooth  curve  through  a set  of 
received  sample  points  using  a sine  impulse  function  truncated  at 
30  terms.  That  the  above  procedure  yields  a relatively  accurate 
informatk)n-lossless  respresentation  was  verified  by  resamplmg  the 
image  at  mid-original  sample  points  and  then  inverting  the  procedure. 
Comparison  of  the  double  interpolated  samples  with  the  original  samples 
indicated  few  differences  other  than  zero  and  that  these  were  small 
enough  to  have  been  caused  by  roundoff. 
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Figure  4.  Images  Generated  from  Unprocessed  Data  and 


Data  Processed  by  Three  interpolation  Techniques 

Now  assuming  this  ideally  synthesized  function  is  the  actual  (band -limited) 
scene  profile  which  led  to  the  initial  samples,  we  are  in  a position  to 
compare  the  results  of  three  practical  interpolation  procedures  with  the 
values  that  would  have  been  obtained  had  they  been  collected  at  the  proper 
location  initially.  Graphs  of  the  difference  between  the  actual  interpolated 
images  (all  interpolations  ar  e at  the  mid -point  between  initial  sample  s) 
and  the  synthesized  replica  of  the  true  scene  are  shown  in  Figure  5. 
Referring  back  to  Figure  2,  it  is  easy  to  see  why  nearest  neighbor  aind 
bilinear  interpolation  at  the  mid -point  between  two  substantially  different 
samples  lead  to  much  greater  errors  than  the  cubic  convolution. 

Where  the  scene  intensity  is  changing  fairly  slowly  (and  consequently 
high  resolution  adds  little  to  the  information  content)  or  where  the 
interpolated  value  lies  quite  close  to  an  initial  grid  point,  little  error  is 
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introduced  in  any  of  the  three  procedures  so  the  examples  given  above 
are  admittedly  extreme  cases.  Additionally,  it  can  be  argued  that  the 
errors  in  the  nearest  neighbor  approach  should,  in  fact,  be  considered 
as  residual  geometric  errors  rather  than  intensity  errors.  In  one  sense 
this  is  true  except  where  a point  must  be  deleted  or  added  due  to  scale 
change.  In  another  sense  when  change  detection  is  the  object  of  geo- 
metrically manipulating  one  image  to  make  it  agree  with  another, 
fractional  pixel  displacements  in  regions  of  rapid  intensity  change  will 
introduce  errors  typical  of  the  graphs  shown  in  Figure  5. 
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Figure  5.  Error  Between  Registered  Images  Due  to  Resampling 


A more  dramatic  demonstration  of  the  impact  of  nearest  neighbor 
interpolation  arises  in  actual  ERTS  bulk  processed  digital  tapes.  In 
these  tapes  scanner  line  length  variations  are  corrected  by  the  insertion 
or  deletion  of  a pixel  at  appropriate  intervals.  Data  collected  from  the 
same  scene  at  two  times  18  days  apart  were  registered  using  a smooth 
transformation  and  differenced.  The  result  is  displayed  in  Figure  6. 
Clouds  appearing  in  one  scene  and  not  the  other  are  apparent  as  very 
black  regions.  The  more  interesting  aspect  of  this  scene  is  the  band  of 
errors  running  vertically  down  the  center  of  the  image.  This  corresponds 
to  the  point  in  each  line  of  one  scene  where  a nearest  neighbor  line  length 
correction  was  made.  The  geometric  error  is  thus  only  about  1/2  pixel 
but  pronoixnced  intensity  errors  result. 
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Figure  6.  Image  of  Difference  Between  a Scene  Imaged  Twice 
18  Days  Apart.  The  Vertical  Band  in  the  Center 
Corresponds  to  a Nearest  Neighbor  Line  Length 
Correction  in  One  Origiaal  Image  But  Not  the  Other 

As  a last  point  worthy  of  mention,  application  of  the  cubic  convolution  to 
zoomed  images  permits  abstraction  of  information  that  might  otherwise 
be  missed.  Zooming  in  essence,  involves  creating  artifical  pixels 
between  those  already  existing.  Straight  replication,  as  done  using  the 
nearest  neighbor,  clearly  fails  to  add  anything  and  is  quite  distracting 
to  the  eye  (see  Figure  7).  Cubic  convolution  on  the  other  hand,  appears 
to  help  the  eye  find  details  that  might  otherwise  be  missed  (see  Figure  8). 
Both  represent  a four  to  one  zoom. 
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Figure  7.  Four-to-One  Zoomed  Image  Using  Nearest  Neighbor 
Replication  of  Additional  Sample  Points 


Figure  8.  Four-to-One  Zoomed  Image  Using  Cubic  Convolution 
to  Determine  Additional  Sample  Points 
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AUTOMATED  THEMATIC  MAPPING  AND  CHANGE  DETECTION  OF  ERTS-1 
IMAGES 

Nicholas  Gramenopoulos,  Earth  R^urces  Dais  Processing* 


ABSTRACT 


Results  of  an  automated  thematie  mapping  investigation  using  ERTS-i  MSS 
images  are  presented.  A diffraction  pattern  analysis  of  MSS  images  led 
to  the  development  of  spatial  signatures  for  farm  land,  urban  areas,  and 
mountains.  Four  spatial  features  are  employed  to  describe  the  spatial 
characteristics  of  image  cells  in  the  digital  data. 

Three  spectral  features  are  combined  with  the  spatial  features  to  form 
a seven  dimensional  vector  describing  each  cell.  Then,  the  classifica- 
tion of  the  feature  vectors  is  accomplished  by  using  the  maximum  likeli- 
hood criterion. 

Three  ERTS-1  images  from  the  Phoenix,  Arizona  area  were  processed,  and 
recognition  rates  between  85%  and  100%  were  obtained  for  the  terrain 
classes  of  desert,  farms,  mountains  and  urban  areas. 

To  eliminate  the  need  for  training  data,  a new  clustering  algorithm  has 
also  been  developed. 

There  are  several  conclusions  from  this  investigation: 

a.  Through  the  developed  algorithms,  it  is  possible  to 
automatically  recognize  terrain  types. 

b.  The  clustering  algorithm  eliminates  the  need  for  training 
data  and  has  been  combined  with  the  maxim\im  likelihood 
criterion. 

c.  The  spatial  features  selected  contain  the  spatial  information 
necessary  to  recognize  terrain  types. 

d.  Combining  the  spectral  data  with  the  spatial  features  increased 
the  accuracy  of  the  machine  recognition. 

e.  The  class  statistics  vary  appreciably  between  seasons. 

f.  The  results  of  this  investigation  are  applicable  to  the 
production  of  land-use  maps. 


*C^tical  Systems  Division,  Itek  Corporation,  Lexington,  Massachusetts. 
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INTRODUCTION 


The  management  of  the  nation’s  resources  requires  that  all  resources  be 
inventoried  at  regular  intervals.  The  resources  must  be  monitored  to 
determine  changes  resulting  from  weather  conditions,  urban  expansion, 
industrialization,  air  and  water  pollution,  changes  in  farming  prac- 
tices, as  well  as  changes  resulting  from management  decisions.  The  in- 
ventory of  the  resources  requires  also  that  they  be  precisely  located 
in  terms  of  geographical  coordinates.  ERTS  offers  the  advantages  of 
countrywide  coverage  at  intervals  (18  days)  short  enough  to  monitor  the 
fastest  changing  resources  (crops).  It  also  offers  a stable  platfom 
from  which  the  resources  could  be  mapped. 

The  conversion  of  ERTS  images  and  digital  tapes  to  thematic  maps  that 
show  the  distribution  of  specific  resources  is  the  first  step  in  the  data 
reduction  process.  The  production  of  thematic  maps  by  photo interpretation 
is  an  established  technique  which,  however,  is  time  consuming  and  slow. 

In  order  to  be  useful,  thematic  maps  must  be  produced  economically  and 
machine  interpretation  of  the  earth  resources  imagery  offers  the  potential 
of  low-cost  thematic  map  production.  In  the  meantime,  the  automatic 
interpretation  techniques  must  be  developed  sufficiently  so  that  the 
I*  functions  of  the  interpretation  hardware  can  be  defined.  This  paper 
describes  an  investigation  which  is  devoted  to  developing  automatic 
interpretation  techniques . 


■ 

■f 


The  information  in  the  earth  resources  imagery  consists  of  spatial 
information  (the  information  conveyed  to  a human  observer  by  a black  and 
white  image)  and  multi  spectral  information  (or  color)  contained  in  the 
changes  of  transmission  between  spectral  images. 


In  the  ERTS-1  images  the  basic  unit  which  conveys  infor|nation  is  the 
picture  element.  Each  picture  element  corresponds  to  an  area  increment 
^ on  the  surface  of  the  earth  equal  to  the  instantaneous  field  of  view 
squared  (about  80  meters  square).  Each  area  increment  is  characterized 
by  a brightness  value  in  each  spectral  band.  These  brightness  values 
are  the  multispectral  information  conveyed  by  the  picture  elements. 


The  first  level  of  automatic  interpretation  is  the  classification  of 
individual  picture  elements  based  on  multispectral  information.  This 
level  appears  to  be  well  developed  as  evidenced  by  the  wide  use  of 
multispectral  recognition  software  based  primarily  on  the  maximum  like- 
lihood criterion. 


Most  of  the  information  in  the  ERTS  images  is  spatial  and  is  contained 
in  the  distribution  of  the  picture  elements  over  the  image  area.  This 
spatial  information  may  be  conveniently  divided  into  the  information 
carried  by  small  localized  areas  defined  as  cells,  as  well  as  the  infor- 
mation carried  by  the  distribution  of  the  cells  over  the  image. 
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It  has  become  evident  that  combining  multispectral  and  spatial  pattern 
recognition  techniques  can  lead  to  very  substantial  improvements  in  the 
recognition  process;  (!)  the  accuracy  in  resource  recognition  increases/ 
and  (2)  the  recognition  process  can  be  made  more  effiGient. 

At  first,  an  analysis  of  spatial  signatures  which  characterize  the 
terrain  typ^s  in  the  ERTS-1  imagery  was  conducted.  The  results  were 
utilized  in  developing  significant  spatial  features  which  are  extracted 
from  the  digital  data  in  the  computer  compatible  tapes.  Then,  the  spatial 
features  were  combined  with  three  spectral  features  to  form  a seven  dimen- 
sional vector  describing  an  area  on  the  ground  about  2,5  kilometers  square. 
Feature  vectors  from  the  Phoenix,  Arizona  area  and  three  different  acquisi- 
tion dates  were  classified  using  an  heuristic  algorithm  and  the  maximvim 
likelihood  criterion.  An  analysis  was  made  of  classification  errors  of 
the  maximum  likelihood  criterion  when  the  feature  vectors  of  terrain 
classes  are  not  gauss ianly  distributed.  Non-linear  transformations  of 
the  feature  vectors  were  developed  so  that  the  classification  errors  were 
minimized. 

To  eliminate  the  need  for  training  data/  a new  clustering  algorithm  was 
developed.  Several  ERTS-1  images  were  processed  through  this  algorithm 
and  the  classification  results  are  described  in  this  paper. 

TERRAIN  SPATIAL  SIGNATURES 

The  cell  size  that  has  been  employed  in  this  investigation  is  32  x 32 
picture  elements  which  corresponds  to  about  2.5  x 2,5  kilometers  on  the 
surface  of  the  earth.  Each  cell  is,  therefore,  characterized  by  1,024 
numbers.  Two  questions  then  arise  about  each  cell:  (1)  what  objects  on 

the  surface  of  the  earth  it  might  represent,  and  (2)  how  could  these 
objects  be  identified  by  manipulating  these  1,024  numbers. 

The  first  question  is  answered  by  the  IFOV  (80  meters)  of  the  MSS  scanner. 
The  objects  that  are  faithfully  reproduced  by  this  system  are  expected  to 
be  in  the  order  of  one  kilometer.  Examination  of  the  ERTS  photography 
shows  that  the  objects  that  can  be  identified  are  various  geographical 
features  and  terrain  types,  such  as  bays,  lakes,  rivers,  mountains,  urban 
areas,  cultivated  land,  desert,  forest,  etc. 

The  second  question  is  more  difficult  to  answer.  It  is  desirable  to  develop 
signatures  which  uniquely  characterize  the  terrain  categories.  A signature 
is  defined  as  a specific  pattern  of  numbers.  It  is  also  desirable  that 
each  terrain  class  be  characterized  by  a signature  containing  less  than 
ten  numbers.  Assume  that  such  signatures  were  known.  Then,  to  assign  a 
cell  to  one  of  the  terrain  types,  the  1,024  nixmbers  describing  the  cell 
are  combined  to  produce  a vector  with  less  than  ten  components  which  is 
known  as  a spatial  feature  vector.  This  vector  is  compared  to  the  spatial 
signatures,  and  the  cell  is  assigned  to  the  terrain  category  whose  signa- 
ture most  closely  resembles  the  vector  of  the  cell.  Conceptually,  the 
assignment  of  cells  to  terrain  categories  is  simple,  but  there  are  some 
difficult  practical  problems  in  accomplishing  it,  such  as: 
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1.  The  1,024  numbers  of  the  cell  are  quite  redundant.  Their 
replacement  by  a feature  vector  with  less  than  ten  compo- 
nents is  a data  reduction  operation  which  may  actually  des- 
troy information. 

2.  There  is  no  theoretical  treatment  that  allows  one  to  select 
optimal  terrain  signatures. 

3.  eomparison  of  a feature  vector  to  the  spatial  signatures 
requires  the  use  of  a criterion  of  "closeness”.  If  the 
cell  is  to  be  assigned  to  the  most  probable  terrain  class , 
the  statistics  of  each  class  must  be  known ^ 

As  far  as  is  known,  there  have  been  two  approaches  for  the  determination 
of  spatial  signatures.  One  of  these  is  to  employ  well  known  mathematical 
functions  as  components  of  the  feature  vector,  such  as  the  variance  of 
the  cell  numbers,  and  decide  later  by  the  results  of  the  recognition 
whether  these  mathematical  functions  are  reliable  indicators  of  terrain 
type.  The  results  of  this  approach  have  not  been  very  satisfactory. 

The  other  approach  consists  of  examining  the  Fourier  transforms  of  cells 
and  identifying  patterns  which  are  unique  to  each  terrain  type.  This  is 
the  approach  followed  in  this  investigation. 

DIFFRACTION  PATTERN  ANALySXS 

In  the  ERTS-1  images,  the  terrain  types  that  one  would  like  to  recognize 
consist  of: 

Mountains  Clouds  Rivers 

Desert  or  range  Urban  areas  Bodies  of  water 

Cultivated  land  Hills  Transportation  networks 

The  Fourier  transform  of  an  image  is  a convenient  means  to  isolate  and 
extract  spatial  signatures.  Terrain  signatures  in  the  ERTS  images  can 
be  efficiently  analyzed  using  the  Fourier  transforming  properties  of 
lenses. 

The  red  band  (MSS  5)  images  were  selected  because  they  carry  more  spatial 
information  than  the  images  in  the  other  bands. 

The  Fraunhofer  diffraction  pattern  of  an  image  is  related  to  its  Fourier 
transform.  It  is  well  known  thatl,  if  a transparency  is  introduced  into 
the  front  focal  plane  of  a lens  and  illiaminated  by  a coherent  plane 
parallel  beam,  the  lens  will  form  an  image  at  its  back  focal  plane  which 
is  the  diffraction  pattern  of  the  image.  The  diffraction  pattern  has  been 
employed^  because  it  is  easy  to  form  and  has  the  same  general  structure 
as  the  Fourier  transform. 


^Goodman,  J.  W. , Introduction  to  Fourier  Optics,  McGraw-Hill  Book  Co., 

Inc.,  New  York  (1968),  p.  86. 

^Gramenopoulos , N.  and  Corl>ett,  F. , "Diffraction  Pattern  Analysis  of  ERTS-1 
Images,”  Technical  Report  of  ERTS-1  investigation. 
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To  obtain  diffraction  patterns  of  small  portions  of  ERTS-1  images,  a 
special  optical  bench  is  employed.  For  large  size  diffraction  patterns, 
a long  focal  length  lens  (48  inches  long)  is  being  used.  The  9-1/2  inch 
transparencies  supplied  by  NDPF  were  reduced  to  a scale  of  1:3,000,000 
and  developed  to  a gamma  of  two.  The  image  area  whose  diffraction  was 
obtained  was  limited  by  a circular  aperture  2 mm  in  dimeter.  (See  Fig- 
ure 1.) 

The  diffraction  patterns  have  some  artifacts  not  related  to  the  terrain 
images.  To  eliminate  or  suppress  artifacts  in  the  diffraction  patterns, 
a mask  is  employed  when  photographing  the  diffraction  patterns . The  mask 
is  itself  the  photograph  of  the  dif tract icn  pattern  of  an  image  area  (from 
ERTS  images)  with  no  detail,  such  as  areas  of  water  from  lakes  or  the 
ocean.  The  masks  have  been  used  with  very  good  results.  They  have 
suppressed  artifacts  and  eliminated  overexposure  of  low  spatial  frequency 
components  by  the  central  order  (See  Figure  2.). 

Figures  3 and  4 contain  sample  diffraction  patterns  from  selected  areas 
of  ERTS  images.  The  rings  in  the  diffraction  patterns  are  due  to  the 
circular  aperture  employed  to  limit  the  image  area  being  transformed. 
Analysis  of  the  diffraction  patterns  of  the  various  terrain  types  has 
produced  the  following  results: 

1.  The  diffraction  patterns  of  mountains  show  clusters  of  inten- 
sity at  low  spatial  frequencies  and  diffracted  light  spreading 
in  wedge-shaped  patterns  (fans)  away  from  the  center. 

2.  For  cultivated  land,  a signature  consisting  of  orthogonal  rows 
of  frequency  spots  has  been  identified.  For  some  images,  the 
signature  may  be  weak  in  relation  to  other  components  of  the 
diffraction  pattern. 

3.  For  urban  areas,  a signature  consisting  of  orthogonal  rows  of 
frequency  spots  has  been  identified.  This  signature  becomes 
evident  only  in  the  IR-2  image  and  cannot  be  confused  with 
the  signature  for  cultivated  land,  which  is  detected  in  the 
red  band  (0.6  to  0.7  micrometer). 

4.  Bodies  of  water  have  diffraction  patterns  with  very  low  energy 
at  frequencies  other  than  the  central  lobe.  Water  can  be  iden- 
tified by  low  reflectances  in  nearly  all  spectral  bands  and, 
therefore,  the  use  of  a spatial  signature  is  usually  redundant. 

5.  Deserts  also  have  diffraction  patterns  with  low  energy  levels 
of  light  diffracted  at  most  frequencies  other  than  the  central 
lobe  and  very  low  frequencies. 
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Figure  1.  Coherent  optical  bench 
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Phoenix,  Arizona  Diffraction  pattern  with  mask 


Diffraction  pattern  without  mask 


Figure  2.  Phoenix,  Arizona. 

Two  diffraction  patterns  from  same  area; 
one  with  a spatial  filter,  one  without 
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Cultivated 

f Spots  due  to  fields 
O Spots  due  to  scan  lines 

Figure  3.  Salton  Sea,  California. 

Diffraction  patterns  from  ERTS-1,  image  1070-17495-5 
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Urban 


Urban 


Sioimtainous 


Figure  4.  Great  Salt  Lake,  Utah, 

Diffraction  patterns  from  FRTS--1,  image  lOli- 1^415-7 


1813 


DIGITAL  SPATIAL  FEATURES 


The  digital  Fourier  transforms  of  cells  representing  four  types  of  terrain 
were  computed  and  are  shown  in  Figure  5.  These  transforms  resemble 
closely  the  diffraction  patterns  of  the  previous  section. 

The  horizontal  direction  coincides  with  the  scanning  direction  of  the 
multispectral  scanner . The  frequencies  represented  by  the  squares  vary 
from  0.39  to  5.9  cycles  per  kilometer. 

Extensive  analysis  of  the  Fourier  transforms  has  produced  the  following 
results: 

1.  It  appears  that  frequencies  larger  than  3.5  cycles/km  contain 
the  information  needed  to  discriminate  between  the  terrain 
types.  Frequencies  less  than  3.5  cycles/km  carry  significantly 
less  information. 

2,  Regardless  of  terrain  type,  there  is  significant  energy  along 
the  vertical  frequency  (f^  =0,  fy)  where  x is  the  horizontal 
direction  and  y the  vertical.  In  addition,  this  coliamn  has 
local  peaks  at  the  frequencies  fy  = 2.1,  4.2  and  6.3  cycles/km. 
These  appear  to  be  due  to  detector  noise  from  the  multispectral 
scanner.  It  is  necessary  to  filter  out  this  vertical  column  to 
prevent  the  occurrence  of  errors  in  the  measurements  of  spatial 
feature  components . 

Four  spatial  feature  components  are  obtained  by  measuring  the  Foiarier 
transform  energy  in  four  sectors  defined  as  follows: 

1.  All  frequencies  less  than  3.5  cycles/km  and  larger  than  5.9 
cycles/km  are  eliminated. 

2.  In  the  remaining  Fourier  transform,  the  largest  peak  (or  maxi^ 
mum)  is  determined. 

3.  The  energy  in  a sector  which  is  tt/8  radians  wide  and  centered 
on  the  largest  peak  is  determined.  The  energy  within  this 
sector  (Sx)  is  one  of  the  features. 

4.  The  energies  in  similar  size  sectors  which  are  displaced  from 
the  first  one  by  *n‘/4,  7T/2  and  37t/4  radians  in  a clockwise  dir- 
ection are  also  determined  and  constitute  the  features  S2,  S3 
and  S4,  respectively.  (See  Figure  6.) 

other  spatial  features  that  have  been  employed  are  a nuiriber  representing 
a count  of  high  derivative  values  within  the  cell  and  numbers  obtained  from 
the  histogram  of  the  cell  pixels. 

TERRAIN  TYPE  RECOGNITION 

An  algorithm  was  developed  by  examining  the  feature  vectors  of  cells  of 
the  same  class.  Then,  the  vector  space  was  divided  by  thresholds  forming 
hyperplanes.  The  algorithm  was  then  employed  to  classify  the  cells  from 
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Figure  5.  Digital  Fourier  transforms  of  cells 
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Figure  6 


Fourier  Transform  Integration  Regions 


a portion  of  ERTS-1  image  no.  1049-17324-5  containing  Phoenix,  Arizona 
and  the  surroxmding  area  in  southern  Arizona  (about  8,000  square  km). 

The  thresholds  in  the  algorithm  were  then  adjusted  until  the  recognition 
results  were  optimized. 

In  order  to  determine  the  accuracy  of  the  heuristic  algorithm,  two 
assignment' matrices  of  cells  were  developed  by  photo interpretation.  One 
matrix  represents  assigrments  using  only  the  ERTS-1  red  band  image  1049- 
17324-5.  The  other  matrix  represents  assignments  using  all  available 
information  (maps , aerial  photography,  and  a land-use  map*) . Comparing 
these  two  matrices,  one  finds  that  the  first  one  has  about  2.5%  errors, 
which  indicates  the  error  rate  of  a photointerpreter  if  he  were  to  use 
only  the  red  band  ERTS-1  image.  Most  of  the  errors  are  due  to  isolated 
urban  areas  near  cultivated  land,  mountains,  pr  desert. 

The  computer  classification  matrix  was  compared  to  the  most  accurate 
photointerpreter  matrix.  The  results  are  tabulated  in  Table  1. 

The  recognition  results  of  most  terrain  types  were  very  good;  97%  for 
desert,  89%  for  farms,  80%  for  mountains,  74%  for  urban  areas,  98%  for 
clouds,  100%  for  water,  81%  for  cloud  shadows.  Only  river  flood  plains 
which  are  peculiar  geographic  features  of  southern  Arizona  were  recog- 
nized poorly  (11%).^  The  accuracy  of  recognition  was  determined  by 
comparison  to  existing  maps,  high  altitude  (U-2  missions  in  September  and 
December  1971)  and  low-altitude  aerial  photography  (mission  212  of  the 
Earth  Resources  Aircraft  Program,  from  the  Johnson  Spacecraft  Center  in 
Houston,  Texas).  The  accuracy  of  the  cloud  recognition  was  determined 
by  photointerpretation  of  the  ERTS  image  since  the  aerial  photography  was 
obtained  on  different  dates. 


INTEGRATION  OF  SPECTHAIi  AND  SPATIAL  FEATURES 


Integration  of  spectral  and  spatial  features  is  required  in  order  to 
exploit  the  information  available  in  the  ERTS-1  imagery.  It  is  also 
desirable  to  employ  a general  recognition  algorithm  which  is  indepen- 
dent of  the  data  characteristics.  The  maximum  likelihood  criterion^ 
which  has  produced  good  results  with  multi spectral  data  has  been  selected. 
This  criterion  requires  training  data  and  is  optimum  only  when  the  terrain 


*Poulton,  G.E.,  Schrumpf,  B. J. , Johnson,  J.R. , "Ecological  Resource  Analysis 
from  High-Flight  Photography  for  land  Use  Planning”,  Applied  Remote  Sensing 
of  Earth  Resources  in  Arizona,  Proceedings  2nd  ARETS  Symposium,  University 
of  Arizona,  November  2-4,  1971. 

^Gramenopouios , N. , "Terrain  Type  Recognition  Using  ERTS-1  MSS  Images”,  NASA 
SP-327  Symposium  on  Significant  Results  Obtained  from  Earth  Resources  Tech- 
nology Satellite-1,  March  5-9,  1973. 

^Marill,  T. , Green,  D.M. , "Statistical  Recognition  Functions  and  the  Design 
of  Pattern  Recognizers,  IRE  Transactions  of  Electronic  Computers,  December 
1969,  p.  472. 
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TABLE  1.  COMPARISON  OF  CLASSIFICATION  RESULTS* 


Cloud  Shadows 


classes  form  multivariate  Gaussian  distributions  in  feature  space.  In 
addition,  no  class  is  allowed  to  have  a feature  vector  component  which  is 
always  zero. 

The  four  spatial  features  described  above  were  combined  with  three  spectral 
features  to  form  a seven  dimensional  vector  describing  each  cell.  Using 
image  1049-17324  as  training  data,  the  statistics  (co-variance  matrices) 
for  desert,  farm,  mountains  and  urban  areas  were  computed.  Then,  using 
the  statistics,  the  same  input  data  and  the  maximum  likelihood  criterion, 
the  cells  were  reclassified  in  one  of  the  four  categories.  The  recognition 
accuracy  was  54%  for  desert,  92%  for  farms,  97%  for  mountains,  and  92%  for 
cities.  Desert  was  poorly  recognized  (many  desert  cells  were  assigned  to 
the  mountain  category) , and  it  was  suspected  that  the  statistics  for  the 
classes  were  not  Gaussian.  Analysis  of  histograms  of  the  classes  showed 
that  no  component  of  any  class  was  even  approximately  Gaussian.  All  com- 
ponents were  positive  with  small  means  and  large  standard  deviations. 

(See  Figures  7 and  8.) 

NON-LINEAR  TRANSFORtlATIONS  OF  THE  FEATURE  SPACE 

Non-linear  transformations  applied  to  the  feature  space  change  the  statistics 
of  the  classes.  A different  transformation  is  required  for  each  feature 
component.  The  transformations  must  be  such  that  large  component  values 
are  reduced  while  small  values  remain  unchanged.  (See  Figure  9. ) Known 
transformations  of  this  type  are  the  logarithms  on  various  bases  such  as 
the  natural  logarithm  or  powers  less  than  unity  such  as  the  square  or 
third  roots.  If  a logarithmic  transformation  is  selected,  the  base  of 
the  logarithm  is  adjusted  for  each  feature  component  so  that  the  class 
distributions  in  this  component  become  symmetrical  about  their  means. 
Similarly,  if  a power  transformation  is  employed,  the  power  is  adjusted 
for  each  component  so  that  the  class  distributions  in  this  component 
become  symmetrical  about  their  means.  For  example,  if  the  power  is  0.5 
for  all  components,  then  each  component  of  every  feature  vector  is  replaced 
by  its  square  root. 

Both  logarithmic  and  power  transformations  were  extensively  analyzed.  The 
logarithmic  transformations  gave  good  results,  but  the  resultant  distribu- 
tions were  sensitive  to  amplitude  variations  in  the  data.  In  other  words, 
if  the  logarithm  on  a certain  base  is  used  for  one  component  (for  example, 
the  MSS  7 band)  the  distribution  for  each  class  may  or  may  not  approximate 
the  Gaussian  depending  on  solar  illumination  which  changes  the  range  of 
values  obtained  in  this  band. 

Finally,  the  non-linear  transformations  selected  are  all  powers  less  than  1. 
For  image  1049-17324,  the  powers  for  the  various  components  range  from  0.8 
to  0.025  and  have  been  optimized  to  produce  excellent  recognition  results  in 
all  four  classes:  desert  89%,  farms  97%,  mountains,  96%,  and  cities  95%. 

In  arriving  at  an  optimiim  transformation  for  each  component,  Gaussian  dis- 
tributions cannot  be  achieved  for  all  classes.  In  other  words,  as  one  ad- 
justs the  transformation  of  say  the  MSS  5 band,  the  desert  distribution  may 
become  more  Gaussian  while  the  city  distribution  may  become  less  Gaussian. 
There  is  no  reason  to  believe  that  all  distributions  can  always  be  made 
Gaussian  in  all  components  by  appropriate  transformations.  To  reduce  the 
possibility  of  such  problems  and  maintain  high  recognition  rates,  the  number 
of  different  classes  should  be  kept  small.  (See  Figures  10  and  11.) 
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(c)  Mountains,  derivative  count  (d)  Cities,  derivative  count 


Figvtre  7.  Histograms  of  Terrain  Classes  in  One 
Component  (in  units  of  standard  deviations 
about  the  means) 
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-3  a -2  a -la  M +la  +2a  +3a  +4a  -3a  -2d  -la  M +la  +^a  +3a  +4a 

(a)  Desert,  Yj  spatial  component  (b)  Desert,  MSS  7 


-3a  -2a  -la  M +la  +2a  +3a  +4o  -3a  -2a  -la  M +la  +2a  +3a  +4a 

(c)  Desert,  MSS  5 (d)  D6sert|  spatial  component 


Figure  8.  Histograms  of  Desert  Distributions  in 
Four  Components  (in  units  of  standard  deviations 
about  the  means) 
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Figure  9 
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Typical  Non-Linear  Transformations 
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-3ct  —2  a -la  M +la  +2a  +3a  +4a  -3a  -2  a -la  M +la  +2a  +3a  +4a 

(a)  Desert,  MSS  5'  (b)  Desert,  Y{ 


-3a  -2a  -la  M +la  +2a  +3a  +4a  -3a  -2a  -la  M +la  +2a  +3a  +4a 

(c)  Desert,  Yf  (d)  Desert,  MSS  7' 


Figure  10.  Histograms  of  Desert  Distributions 
After  Non-Linear  Transformations,  Compare  to  Figure  8. 
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Also/  the  importance  of  each  component  in  the  recognition  of  each  claas  is 
not  the  same.  A component  may  be  essential  for  recognizing  one  cl^sd  and 
relatively  unimportant  for  recognizing  other  classes.  Knowledge  of  this 
can  be  taken  advantage  of  when  selecting  a transfondation  for  a conponenti 
The  transformation  is  adjusted  so  that  a symmetrical  distribution  is  obtained 
for  the  class  that  the  component  is  most  important.  The  effectiveness  of 
each  transformation  can  be  judged  from  the  recognition  rates  achieved. 

VARIATIONS  IN  CLASS  STATISTICS 

An  important  question  that  arises  is  the  variability  of  the  tertain  class 
statistics  with  time  of  year  and  geographic  location.  If  the  statistics  vary 
s\ibstantially,  one  must  have  statistics  for  each  image  to  be  ptocessed.  On 
the  other  hand,  it  would  be  desirable  to  have  one  set  of  Statistics  stored 
that  would  be  applicable  to  a large  geographic  area  for  imagery  acquired  at 
any  time  of  the  year. 

To  explore  this  possibility,  data  from  3SRTS-1  images  1031-17325  and  1103- 
17332  were  subjected  to  terrain  classification  using  the  statistics  developed 
from  training  data  of  ERTS-1  image  1049-17324.  The  data  from  all  three 
images  cover  the  same  general  area  around  Phoenix,  Arizona.  The  dates  of 
acquisition  are  August  23,  1972,  November  3,  1972,  and  Septeinber  10,  1972, 
respectively. 

The  data  of  image  1031-17325  was  first  subjected  to  the  non-linear  transfof- 
mations  described  in  the  previous  section  and  was  then  classified  using  the 
statistics  from  image  1049-17324.  The  recognition  results  are  shown  in 
Table  2.  The  detection  rates  for  the  four  classes  were:  93%  for  desert, 

93%  for  mountains,  100%  for  farms,  and  85%  for  urban  areas.  The  accuracy 
of  recognition  of  urban  areas  was  not  above  90%  because  many  urban  cells 
containing  parks  or  golf  courses  were  assigned  to  the  faa:m  category. 

For  image  1103-17332,  it  was  noted  that  the  average  brightness  in  all  bands 
was  STabstantially  reduced  due  to  lower  solar  elevations  during  the  month  of 
November.  It  was  felt  that  the  data  should  be  compensated  for  the  change 
in  solar  elevation.  The  average  feature  space  vectors  were  determined  for 
images  1049-17324  and  1103-17332.  Then,  the  vectors  of  iiaage  1103-17332 
were  linearly  scaled  so  that  the  average  vectors  for  both  images  would  be 
the  same.  This  compensation  assumes  that  the  change  in  statistics  between 
SepteirfDer  and  November  is  simply  a change  in  scale  of  the  feature  space. 

The  compensation  applied  was  only  an  approximation.  Then,  the  compensated 
data  was  subjected  to  the  non-linear  transformations  described  in  the  previous 
section  and  was  afterwards  classified  using  the  statistics  from  image  1049- 
17324.  The  recognition  results  are  shown  in  Table  3.  The  detection  rates 
were  as  follows;  95%  for  desert,  100%  for  farms,  78%  for  mountains,  and 
49%  for  urban  areas.  It  is  obvious  that  the  statistics  employed  were  not 
optimum  for  image  1103-17332  despite  the  sinple  compensation  applied  to  the 
feature  space.  Some  mountain  and  urban  areas  were  assigned  to  the  desert 
and  farm  categories.  Figure  12  shows  the  ERTS  image  n-umber  1103-17332  with 
the  recognition  results  superimposed  as  annotation. 

Table  4 summarizes  the  recognition  results  for  the  maximum  likelihood  cri- 
terion and  the  heuristic  algorithm.  This  table  provides  a comparison  of 
detection  rates  for  various  sets  of  data  and  features  being  employed; 
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Table  2.  Comparison  of  ClassifiGation  Results  - 
ERTS-1  Image  1031-17325 


Photointerpreter 


CLASS 

1 

2 

3 

4 

5 

1 

429 

0 

6 
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6 
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<U  ^ 

1 

407 

0 

10 

7 

Qa  3 

31 

0 

114 

0 

1 

o 

4 

1 

1 

3 

57 

11 

TOTAL 

462 

408 

123 

67 
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Table  3.  Comparison  of  Classification  Results  - 
ERTS-1  Image  1103-17332 


Photointerpreter 


CLASS 

1 

2 
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4 

5 

1 

448 
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14 

13 

2 
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17 

443 

7 

6 

31 
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6 

0 

74 

2 

1 

8 

4 

0 

0 

0 

20 

0 

TOTAL 

471 

444 

95 

41 

34 

1 = Desert 

2 « Farms 

3 - Mountains 

4 « Urban 

5 = Riverbeds 
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Figiire  12.  ERTS-1  Image  No.  1103-17332-5 
Annotated  with  Terrain  Classification  Results 


M = Mountains 
U = Urban 


Table  4.  Comparison  of  Detection  Bates  (%) 
with  the  Maximum  Likelihood  Criterion 


Processing  Conditions 

Desert 

Farms 

Mountains 

Urban  Areas 

1049-17324: 

3 spectral  features  only 

87 

93 

96 

86 

1049-17324: 

4 spatial  features  only 

8 

83 

97 

70 

1049-17324: 

Combined  7-dimensional 
feature  vectors 

54 

92 

97 

92 

1049-17324: 

Transformed  7-dimensional 
feature  vectors 

89 

97 

96 

95 

1031-17325: 

Transformed,  1049 

statistics  93  100  93  85 


1103-17332 : 

Compensated  to  solar 
elevation  and  transformed 

1049  statistics  95  100  78  49 


1049-17324: 

Spatial  features  only, 

heuristic  algorithm  97  89  80  74 
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a.  Data  from  ERTS-1  image  1049*17324  was  used.  The  feature  vectors 
were  three-dimensional,  and  the  features  were  the  average  cell 
brightness  in  the  MSS  4,  5 and  7 spectral  bands.  The  same  vec- 
tors were  used  as  training  data  to  compute  the  class  statistics 
and  were  then  classified  by  the  maximum  likelihood  criterion. 

^The  recognition  results  are  what  one  could  expect  when  using 
the  maximum  likelihood  criterion  in  multispectral  recognition. 

b.  Data  from  ERTS-1  image  1049*17324  was  used.  The  feature  vectors 
were  four-dimensional  with  spatial  features  only.  All  other 
conditions  were  as  in  case  a.,  above. 

c.  The  spatial  and  spectral  features  of  cases  b.  and  a.^  respectively, 
were  combined  to  form  seven-dimensional  vectors.  All  other  con- 
ditions were  as  in  case  a.,  above. 

d.  The  vectors  of  case  c.  were  non-linear ly  transformed.  Then,  the 
class  statistics  were  computed  from  them,  and  they  were  siabsequently 
classified  by  the  maximum  likelihood  criterion. 

e.  The  data  was  seven-dimensional  vectors  from  ERTS-1  image  1031- 
17325.  The  vectors  had  been  non-linearly  transformed  as  in  case 
d.  The  class  statistics  employed  were  from  case  d.  (ERTS-1 
image  1049-17324.) 

f . The  data  was  seven-dimensional  vectors  from  ERTS-1  image  1103- 
17332.  The  vectors  were  scaled  so  that  the  average  vectors  for 
images  1049*17324  and  1103-17332  were  equal.  This  was  an  approxi- 
mate scheme  for  compensating  the  lower  solar  elevation  for  image 
1103.  All  other  processing  operations  were  the  same  as  in  case  e. 

g.  The  data  was  from  ERTS-1  image  1049-17324  processed  using  only 
spatial  features  and  the  heuristic  algoritlms. 

Case  b.  shows  that  the  maximum  likelihood  criterion  gives  poor  results  with 
spatial  features  for  the  desert  class.  This  has  been  attributed  to  the  wide 
deviation  of  the  spatial  features  from  Gaussian  statistics.  (See  Figure  8.) 
This  conclusion  is  supported  by  case  g.  which  shows  very  good  results  when 
the  spatial  features  are  used  with  the  heuristic  algorithm  rather  than  the 
maximum  likelihood  criterion. 

Case  a.  shows  good  results  using  the  spectral  features  with  the  maxim\im 
likelihood  criterion.  The  reason  is  that  the  class  distributions  for  these 
features,  though  not  Gaussian,  do  not  deviate  as  sharply  as  the  class  dis- 
tributions for  the  spatial  features.  This  is  fortuitous  because  there  has 
been  very  extensive  use  of  the  maximum  likelihood  criterion  with  multi- 
spectral  data. 

Cases  c.  and  d.  show  that  by  combining  the  spectral  with  the  spatial 
features,  the  recognition  rates  for  urban  areas  have  improved  sxabstantially . 
Comparing  case  d,  to  cases  b.  and  c.  shows  the  importance  of  the  non-linear 


1869 


transformations  in  achieving  high  recognition  rates.  Also,  comparing  case 
d.  to  cases  a.  and  g.  further  indicates  that  epmbining  the  spectral  and 
spatial  features  improves  the  recognition  rate  of  the  urban  areas 
s ignif ican tly . 

For  cashes  e.  and  f . , the  recognition  rates  for  desert  and  farms  has  improved 
over  the  corresponding  recognition  rates  of  case  d.  However,  for  mountains 
and  urban  areas,  the  recognition  rates  have  progressively  deteriorated.  It 
appears,  therefore,  that  the  statistics  of  some  classes  in  a given  geographic 
area  vary  substantially  with  the  seasons. 

From  the  results  of  cases  a.  through  g. , it  appears  that  the  spatial  features 
have  not  increased  the  number  of  classes  that  are  recognized  over  what  can 
be  achieved  with  multi spectral  data  only.  However,  the  addition  of  the 
spatial  features  has  increased  the  accuracy  of  recognition  significantly 
for  the  urban  class. 

There  seems  to  be  redvindancy  between  the  spectral  and  spatial  features, 
particularly  for  the  desert  and  farm  classes.  This,  of  course,  is  a 
characteristic  of  the  geographic  area  and  the  ground  resolved  distance 
of  the  ERTS-l  data.  For  example,  the  spectral  features  are  actually 
identifying  live,  dense  vegetation  rather  than  farms.  In  this  part  of 
sourthern  Arizona,  such  vegetation  is  associated  with  irrigated  farmland. 

In  another  part  of  the  country,  it  may  be  associated  with  deciduous  forests, 
grassland,  etc.  On  the  other  hand,  the  spatial  features  are  identifying 
farms,  whether  the  farms  have  live  vegetation  (growing  crops)  or  are  fallow. 

Furthermore,  the  ground  resolved  distance  of  the  ERTS-1  data  is  large  and 
only  large  geographic  features  (bays,  lakes,  mountains,  farmland,  desert, 
forests,  large  urban  areas,  etc.)  can  be  identified.  These  tend  to  be 
highly  correlated  spectrally  and  spatially. 

CLUSTERING  ALGORITHM 

Figure  13  shows  a block  diagram  of  the  clustering  algorithm  that  has  been 
developed.  In  the  first  subroutine  (Distance  Computation)  the  Euclidean 
distances  between  vectors  are  computed  and  vectors  whose  relative  distances 
are  smaller  than  a threshold,  are  retained  and  introduced  into  the  next 
subroutine  (Selection  of  Cluster  Centers) . Initial  cluster  centers  are  formed 
from  the  set  of  selected  vectors  and  are  required  to  satisfy  certain  criteria. 
In  the  next  subroutine  (Combine  Clusters  by  Divergence) , initial  cluster  cen- 
ters are  compared  to  each  other  for  statistical  separability  by  applying  the 
divergence  criterion.  Diffuse  cluster  centers  whose  divergences  from  other 
clusters  do  not  exceed  a set  limit  are  usually  mixed  clusters  and  are  elim- 
inated. In  the  following  subroutine,  a decision  is  made  on  whether  to  recycle 
the  cluster  center  generation.  The  decision  is  based  on  the  number  of  vectors 
clustered  and  the  number  of  separable  cluster  centers  that  have  been  produced 
already. 

When  the  cluster  center  generation  is  terminated,  the  remaining  vectors  (non- 
clustered) are  assigned  to  the  cluster  centers  by  the  maximum  likelihood 
criterion.  As  the  assignment  continues,  the  clusters  grow  and  their  statis- 
tics change.  Therefore,  the  assignment  is  done  in  several  stages  by  first 
assigning  vectors  located  close  to  the  cluster  centers. 
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CLASSIFIED  VECTORS 
PLUS  CLUSTER  STATISTICS 


Figure  13.  Block  Diagram  of  Clustering  Algorithm 


The  clustering  algorithm  operates  on  the  basis  of  a nxxmber  of  assumptions 
which  have  been  reduced  to  a minimum,  but  cannot  be  eliminated.  These 
assumptions  are: 

a.  An  assumption  must  be  made  about  the  cluster  statistics.  In 
» this  case,  it  has  been  assumed  that  the  cluster  statistics 

are  Gaussian,  and  therefore,  non-linear  transformations  of 
the  feature  vectors  are  required. 

b.  Initially,  the  algorithm  assumes  that  cluster  centers  are 
spherical  and  applies  the  Euclidean  distance  criterion. 

c.  The  algorithm  finds  cluster  centers  on  the  basis  of  local 
vector  densities.  Therefore,  it  is  iirportant  that  equal 
n\ambers  (approximately)  of  vectors  from  each  class  are  being 
clustered. 

The  clustering  algorithm  has  been  applied  to  vectors  from  several  ERTS-1 
images.  We  have  found  that  the  formation  of  the  cluster  centers  is  the 
crucial  part  of  the  algorithm  and  it  is  affected  by  the  relative  amplitudes 
of  the  vector  components  {due  to  the  Euclidean  distance  criterion) . It  is 
also  very  important  to  introduce  about  equal  numbers  of  vectors  for  each 
terrain  class.  This  is  being  accomplished  by  selecting  the  vectors  which 
are  employed  by  the  algorithms  to  form  the  cluster  centers.  A human  looks 
at  an  ERTS  color  composite  and  selects  equal  size  (as  far  as  possible)  areas 
that  appear  homogeneous.  The  vectors  from  these  areas  form  the  subset  from 
which  the  algorithm  develops  the  cluster  centers.  Consider  an  image  con- 
sisting of  70%  mountains,  20%  farmland  and  10%  urban.  If  all  the  vectors 
are  used  for  the  cluster  center  formation,  then  it  is  quite  likely  that  the 
urban  area  would  be  absorbed  in  the  mountain  class.  If,  however,  the  vectors 
used  for  cluster  center  foannation  represent  25%  mountains,  20%  farmland  and 
10%  urban  areas,  then  the  cluster  centers  will  probably  be  fomed  correctly. 

No  training  data  or  a priori  knowledge  of  the  geographical  region  is  re- 
quired. The  human  interacts  with  the  algorithm,  but  does  not  bias  the 
algorithm's  decisions. 

Tables  5 and  6 summarize  the  results  of  the  clustering  algorithm  operating 
on  images  1103-17332  from  Phoenix,  Arizona  and  1070-17495  from  the  Imperial 
Valley,  California.  For  either  image,  the  clusters  are  identified  by  non-zero 
numbers  in  the  sequence  of  their  formation.  Some  vectors  could  not  be 
assigned  to  any  cluster  with  a high  degree  of  confidence  and  were  left  in 
the  zero  category.  Most  of  these  vectors  represented  cells  containing 
boundaries  between  terrain  classes.  The  detection  rates  for  the  various 
terrain  classes  are  also  shown  in  Tables  5 aad  6.  For  image  1103-17332,  the 
detection  rates  should  be  compcired  to  the  appropriate  entry  in  Table  4. 

For  image  1070-17495,  the  clustering  algorithm  had  some  surprising  results. 

It  produced  two  water  classes  and  three  desert  classes.  Photointerpretation 
of  ERTS-1  color  ccm^osites  suggests  only  one  water  and  one  desert  class. 
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Tcible  5.  Comparison  of  Clustering  Results  - 
ERTS-1  Image  1103-17332 


Photointerpreter  Detection  l^tes,  % 


B = Boundaries 
U ==  Urban 
D = Desert 
F = Farms 

M = Mountains  and  Hills 
R = Riverbeds 
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Table  6.  Comparison  of  Clustering  Results 
ERTS-1  Image  1070-17495 
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CONCLUSIONS 


Through  the  developed  algorithms,  it  is  possible  to  automatically  recognize 
terrain  types.  By  using  the  maximum  likelihood  criterion,  it  is  possible 
to  achieve  high  accuracy  in  the  recognition  process. 

When  the  correct  statistics  are  employed,  the  machine  recognition  appears 
to  be  more  accurate  than  a human  photointerpreter  who  has  been  constrained 
to  use  ERTS-1  color  composites  only*  Stated  another  way,  machine  recogni- 
tion appears  to  be  more  sensitive  and  can  operate  much  closer  to  the  reso- 
lution limit  of  the  ERTS-1  imagery  than  the  human  photointerpreter. 

The  experimental  results  show  that  the  accuracy  of  terrain  recognition  is 
affected  by  the  statistics  employed.  The  accuracy  is  best  when  the  statis- 
tics are  approximately  Gaussian,  and  it  is  necessary  to  apply  non-linear 
transformations  to  the  feature  vectors  to  achieve  approximately  Gaussian 
distributions.  The  class  statistics  vary  appreciably  between  seasons, 
such  as  sximmer  and  fall. 

The  experimental  results  also  showed  that  combining  the  spectral  data  with 
the  spatial  features  increased  the  accuracy  of  the  machine  recognition. 

The  clustering  algorithm  has  produced  excellent  results  and  forms  statis- 
tically separable  clusters  which  reflect  the  scale  and  resolution  of  the 
ERTS-1  data.  In  some  cases,  it  will  produce  more  classes  than  photointer- 
pretation of  ERTS-1  color  composites  would  suggest. 

POTENTIAL  APPLICATIONS 

The  results  of  this  investigation  are  directly  applicable  to  the  automatic 
production  of  thematic  maps,  and  in  particular,  of  land-use  maps.  Anderson 
et  al^  have  described  three  levels  of  land-use  classification.  The  terrain 
classes  recognized  in  this  investigation  using  training  data  fall  in  the 
first  classification  level.  The  use  of  the  clustering  algorithm  with  com- 
bined spectral  and  spatial  features  can  increase  the  nximber  of  classes 
recognized  beyond  the  first  level. 


Anderson,  J.R.,  Hardy,  E.E.,  Roach,  J.T. , ”A  Land-Use  Classification  System 
for  Use  with  Remote-Sensor  Data",  Geological  Survey  Circular  671,  1972, 
Washington. 
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Paper  I 12 


PRINCIPAL  COMPONENTS  COLOUR  DISPLAY  OF  ERTS  IMAGERY 

M.  M,  Tsiyor,  Defense  and  Civil  Institu^  of  Environmental  Medicine*,  1133  Sheppard  Avenue  West, 
P.O.  Box  2000,  Downsview,  Ontario  M3M  389 


ABSTRACT 

Combinations  of  data  from  the  four  ERTS  bands  into  colour 
images  are  usually  made  by  selecting  three  bands  and  dis- 
playing each  in  a different  primary  colour  (red,  green, 
and  blue) . Because  the  data  from  the  different  bands  are 
correlated,  there  is  a tendency  for  the  derived  pictures 
to  occupy  only  a small  portion  of  the  available  colour 
space.  In  the  most  coimnon  combination,  MSS  bands  1 and 
2,  which  are  highly  correlated,  are  displayed  as  blue 
and  green  respectively,  and  band  3 as  red.  This  results 
in  a picture  which  for  most  regions  might  as  well  have 
been  printed  in  red  and  blue-green. 

In  the  technique  to  be  presented,  colours  are  not  derived 
from  single  bands,  but  rather  from  independent  linear 
coiid>inations  of  the  bands.  Using  a siiiq>le  model  of  the 
processing  done  by  the  visual  system,  three  information- 
ally  independent  linear  combinations  of  the  four  ERTS 
bends  are  mapped  onto  the  three  visual  colour  dimensions 
of  "brightness",  "redness -greenness"  and  "blueness - 
yellowness".  The  technique  permits  user-specific  trans- 
formations which  enhance  particular  features,  but  this 
is  not  usually  needed,  since  a single  transformation 
provides  a pictum  which  conveys  much  of  the  information 
iiiq>licit  in  the  ERTS  data.  Examples  of  experimental 
vector  images  with  matched  individual  band  images  are 
shown. 


INTRODUCTI(»l 

The  four  bands  of  the  ERTS  multispectral  scanner  system  provide  cor- 
related images.  The  level  of  a given  picture  element  (pixel)  <m  one 
band  can  to  some  extent  be  predicted  from  the  level  of  that  same  pixel 
on  another  band.  The  object  of  this  note  is  to  describe  a technique  of 
colour  display  which  takes  advantage  of  these  correlations  to  present 
in  a single  colour  picture  essentially  all  the  information  sensed  by  the 
satellite. 

The  standard  general-purpose  colour  display  of  ERTS  imagery  simulates 
infrared  colour  film.  Three  of  the  four  sensor  bands  are  selected 
and  each  presented  as  a different  primary  colour  to  provide  a full-colour 
picture.  Band  4 (green)  is  displayed  in  blue.  Band  5 (red)  in  green, 
and  Band  6 (nearest  infra-red)  in  red.  This  ordinarily  results  in  a 
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preceding  PA(3E  blank  not  filmed 


picture  in  which  vegetation  is  represented  as  shades  of  red  and  brown, 
rock  as  grey,  and  water  as  bluish  green.  Few  other  colours  appear  to 
any  great  extent.  In  particular,  few  ERTS  firames  contain  both  a strong 
blue  and  a strong  green  region.  Ihe  reason  for  this  is  that  the  data 
from  Bands  4 and  5 are  highly  correlated.  If  they  were  perfectly  corre- 
lated, there  would  be  no  point  in  printing  them  in  different  colours.  A 
single  image  in  the  mixture  colour,  blue-green,  would  have  the  same  effect. 
The  small  differences  that  do  exist  between  bands  4 and  5 show  xq>  as 
minor  variations  from  bltier  to  greener  blue-green. 


* 
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The  present  paper  describes  a quite  different  approach  to  the 
colour  display  of  multi -spectral  imagery.  It  is  not  restricted  to 
ERTS  data  or  to  four-band  imagery,  but  can  be  extended  to  airborne 
multi -band  sensor  systems,  Rather  than  attenpting  to  combine  pictori- 
ally  the  information  from  the  different  bands,  the  information  contained 
in  the  various  bands  is  extracted  in  terms  of  several  statistically  un- 
correlated images . These  extracted  images  are  then  used  as  the  basis 
of  a colour  display.  The  human  visual  system  encodes  spectral 
data  into  a three-dimensional  structure,  the  dimensions  being 
crudely  described  as  'Tjrightness’',  "red/ green"  and  "blue/yellow". 

Three  of  the  four  independent  images  derived  from  the  multi -spectral 
sensor  data  may  be  mapped  onto  these  three  visual  dimensions  to  pro- 
vide a colour  picture  which  takes  maximal  advantage  of  the  colour 
processing  done  by  the  eye. 


There  are  four  main  stages  in  the  construction  of  a colour  picture 
C-i/  by  this  technique.  Firstly,  the  sensor  data  are  calibrated  and 

transformed  to  logarithmic  values.  Secondly,  the  eigenvectors  and  eigen- 
values  of  an  inter-sensor  covariance  matrix  based  on  appropriate  scenes 
are  derived.  Ihirdly,  a linear  transformation  to  a basis  derived 
» from  the  scaled  eigenvectors  is  applied  to  the  data.  At  this  stage 

r different  linear  transformations  may  optionally  be  applied  to  bring  out 

« different  features  of  the  data,  but  these  extra  transformations  should 

not  ordinarily  be  required.  Fourthly,  three  of  the  four  dimensions  of 
the  transformed  space  are  mapped  onto  the  three  dimensions  of  colour 
vision  and  an  algorithm  applied  to  determine  the  appropriate  values  for 
the  primary  colours  (red,  green,  and  blue)  of  which  any  display  must  be 
composed.  Not  all  aspects  of  the  system  have  yet  been  Implemented  in 
final  form,  and  the  examples  to  be  shown  result  from  early  experimental 
versions . 


METHODS 

Simplified  model  of  the  visual  system 

The  discussion  which  follows  is  based  largely  on  Jameson  (1972) 
and  Vos  and  Walraven  (1972) . 


1878 


The  eye  has  three  types  of  cone  receptor,  in  addition  to  the  rod 
receptors  which  are  responsible  for  vision  at  low  light  levels.  Rods 
participate  very  little  in  the  perception  of  colour  at  higher  light 
levels  and  will  be  ignored  in  the  following.  Each  of  the  three  types 
of  cone  has  a fairly  broad  spectral  response.  Mhile  we  may,  for  con- 
venience, label  these  types  as  "blue”,  "green"  and  "red"  respectively, 
these  labels  do  not  correctly  indicate  the  peaks  of  their  absorption 
characteristics  or  the  fact  that  they  are  quite  broadband  absorbers. 

The  3-dB  band  for  the  "blue"  receptor  is  approximately  400-490  nm,  for 
the  "green"  470-580  nm,  and  for  the  "red"  500-630  nm.  Tlie  "green" 
and  "red"  absorption  curves  have  an  overlap  of  approximately  80%.  The 
images  given  by  those  two  types  of  cone  therefore  must  usmlly  be  very 
similar,  since  the  cones  will  be  responding  largely  to  the  same  spectral 
range. 

The  cone  outputs  are  probably  not  linearly  proportional  to  the 
energies  they  absorb.  For  one  thing,  the  cones  adapt  to  the  prevailing 
light  level,  so  that  a particular  output  may  correspond  to  very  differ- 
ent energies  depending  on  the  recent  history  of  that  cone  and  of  its 
neighbours.  More  particularly,  though,  at  any  particular  state  qf 
adaptation,  the  output  after  initial  processing  is  probably  more  nearly 
proportional  to  the  logarithm  of  the  energy  impinging  on  the  receptor, 
and  this  logarithsiic  output  is  the  basic  data  for  further  processing 
operations. 

A simplified  model  of  the  svibsequent  processing  is  shown  in  Pig.  1. 

The  "red"  and  "green"  outputs  are  summed  and  differenced,  and  their  sum  is 
summed  and  differenced  with  the  "blue"  output.  The  red-green  sum  the 
major  component  of  the  overall  brightness  signal.  There  are  relatively 
few  blue  receptors,  possible  as  few  as  2%  of  the  total,  and  their  contri- 
bution to  perceived  brightness  is  commensurate ly  small.  The  red-green 
difference  determines  the  balance  of  long  as  opposed  to  medium  wavelengths 
in  the  spectrum,  since  these  are  the  wavelengths  where  the  responses  of 
the  red  receptors  and  the  green  receptors  differ  most  strongly.  When  the 
red-green  difference  is  zero,  the  signal  is  "yellow"  and  the  percept  is 
yellow  or  blue.  This  "yellow"  signal  must  then  be  balanced  against  the 
signal  from  the  blue  receptors  to  determine  the  overall  long  vs.  short 
wavelength  balance.  The  blue  signal,  scaled  appropriately,  balances  the 
"yellow"  signal  if  the  light  is  white.  The  result  is  that  there  are 
three  essentially  independent  data  channels,  one  indicating  overall 
brightness,  one  indicating  the  red-green  balance,  and  <me  indicating 
the  blue-yellow  balance.  Because  they  are  based  on  logarithms,  these 
balance  indicators  are  affected  by  the  ratios  of  the  energies  in  the 
different  spectral  bands,  and  hence  do  not  respond  to  changes  in  over- 
all illumination  level.  The  three  channels,  ’'brightness",  "red-green", 
and  "blue-yellow"  contain  all  the  information  available  to  the  huaan 
perceiver  about  the  colour  of  the  world,  and  are  essentially  Independent. 
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There  have  been  many  attmqpts  to  put  a Euclidean  or  oth»r  metric  onto 
these  three  basic  colour  dimensions.  None  have  been  entirely  success- 
ful, but  there  are  several  useful  approximations  in  the  literature.  If 
one  is  to  use  the  three  dimensional  structure  of  colour  vision  effectively, 
one  must  be  able  to  specify  locations  within  some  Euclidean  approximation 
to  the  colour  space  in  terms  of  the  primary  colours  available.  No 
satisfactory  algorithm  for  the  full  three-dimensional  Euclidean  colour 
space  as  related  to  both  the  available  primaries  and  the  ERTS  statistics 
has  yet  been  produced,  but  one  based  on  the  space  of  MacAdam  (1971) 
is  being  studied. 

ERTS  data  processing 

The  four  ERTS  bands  produce  correlated  imagery,  just  as  do  the  tliree 
spectral  bands  of  human  vision.  If  the  information  contained  in  the  four 
ERTS  images  could  be  conveyed  in  a space  of  three  dimensions,  it  could  be 
displayed  in  a single  colour  picture,  without  loss.  Ihe  standard  procedure, 
shown  in  Pig.  2,  does  not  do  this.  The  procedure  we  follow  is  (1)  Co^ute 
the  covariance  matrix  that  relates  the  logarithms  of  the  sensor  outputs; 

(2)  Find  the  eigenvectors  of  the  covariance  matrix  and  use  them  as  a basis 
set  for  a new  description  of  the  data.  In  this  basis,  the  data  are 
uncorrelated  in  the  four  new  dimensions,  and  the  anK>unt  of  data  variance 
contributed  by  each  dimension  is  given  by  the  associated  eigenvalue; 

(3)  Scale  the  basis  by  dividing  each  dimension  by  the  square  root  of  the 
associated  eigenvalue.  Tliis  forces  the  variance  on  each  dimension  to  be 
unity,  and  permits  arbitrary  rotation  of  the  space  without  introducing 
covariance  between  the  rotated  basis  dimensions;  (4)  Rotate  the  space 
in  any  arbitrary  way,  to  suit  particular  needs;  (5)  Choose  three 
dimensions  of  the  resulting  four-space  for  display  and  map  them  onto  the 
three  dimensions  of  colour  space.  This  procedure  is  diagrammed  in  Fig.  3. 

1.  CoBq>utation  of  the  covariance  matrix  presents  an  element  of  choice. 

The  data  that  enter  into  this  calculation  determine  the  entire  subsequent 
course  of  the  procedure.  In  particular,  it  is  desirable  that  the 
selection  of  pixels  should  be  representative  of  the  object  types  which 
must  be  discriminated  in  the  final  display.  In  a completely  general  pur- 
pose system,  pixels  should  be  selected  at  random  from  everything  that  the 
satellite  sees.  This  would  result  in  very  good  discrimination  of  clouds 
and  ocean,  since  most  of  the  earth's  surface  is  covered  by  one  or  the 
other.  Very  little  attention  would  be  paid  to  urban  areas.  A slightly 
more  special  purpose  system  would  be  to  sasple  randomly  from  frames  which 
are  largely  cloud-free  land.  The  system  used  here  is  still  more  special- 
ized. Pixels  are  sanpled  randomly  from  frames  that  other  users  have 
requested  because  they  were  interested  in  something  in  the  franw. 

This  weighting  technique  is  still  quite  general  purpose,  but  what 
specialization  there  is  follows  the  interests  of  the  ERTS  users.  It 
would  be  quite  feasible  to  start  with  the  proposition  that  a display 
is  to  be  made  for  foresters  or  for  prairie  farmers  or  for  glaciologists, 
and  select  the  data  pixels  from  scenes  of  interest  to  the  selected  users. 
Different  basis  vectors  would  be  derived  from  different  choices. 
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A different  kind  of  choice  is  involved  in  the  decision  to  base  the 
computation  on  the  logarithms  of  the  sensor  values , The  intent  here  is 
to  go  some  way  to  removing  the  effect  of  changes  in  illvimination  on  the 
relative  spectral  values.  One  alternative  possibility  would  have  been  to 
scale  all  the  values  so  that  the  sian  of  the  four  sensor  elements  was  the 
same  for  each  pixel.  This  approach  would  indeed  remove  the  effects  of 
changing  illumination  from  the  differences  in  the  sensor  values.  It  would 
also  enforce  a particular  primary  direction  onto  the  derived  space.  While 
such  a basic  direction  (brightness)  might  be  useful,  it  is  probably  pre- 
ferable to  be  able  to  leave  the  choice  to  a later  stage  of  processing. 
Flexibility  should  be  retained  where  possible.  Hence  the  idea  of  removing 
the  brightness  con^onent  for  separate  processing  is  rejected,  and  the 
logarithmic  data  values  are  used. 

The  use  of  the  logarithms  of  the  data  values  poses  a severe  re- 
striction on  the  allowable  calibration  error.  If  there  is  a small  relative 
sensor  offset,  say  1 unit,  it  will  make  a large  difference  to  the  ratio 
between  two  sensors  which  read,  say,  4 units.  Such  a small  offset  will 
not  make  much  difference  to  the  ratio  if  the  sensors  are  reading  40  units. 
Hence  the  derived  colours  will  change  with  overall  level  if  there  is  an 
appreciable  sensor  offset.  On  the  other  hand,  gain  variation  between 
sensors  will  result  in  a sinqple  additive  constant  on  the  logarithm 
and  have  no  change,  independent  of  overall  level. 


2.  The  eigenvectors  of  the  covariance  matrix  form  a basis  for  a 
description  space  within  which  the  covariance  matrix  is  diagonal,  having 
values  which  are  the  eigenvalues  of  the  original  covariance  raatrix.  In 
other  words,  when  the  eigenvectors  are  used  to  describe  the  data,  the 
resulting  values  are  uncorrelated.  This  transformation  is  shown  sche- 
matically in  Fig.  4a-b  in  a two-dimensional  reduction.  Each  trans- 
formed dimension  may  be  treated  Independently  of  the  others,  and  the 
information  it  carries  Is  Independent  of  the  information  carried  by  the 
others.  Assuming  that  any  noise  or  uncertainty  in  the  measurement  is 
distributed  evenly  and  In  an  uncorrelated  manner  over  the  four  sensors, 
then  the  information  conveyed  by  a transformed  dimension  is  proportional 
to  half  the  log  of  the  data  variance  on  that  dimension.  The  eigenvalues 
of  the  covariance  matrix  are  these  variances,  and  indicate  the  relative 
importance  of  the  new  basis  dimensions. 

3.  When  the  eigenvector  basis  Is  scaled  (Pig.  4b -c)  by  dividing  each 
coordinate  by  the  square  root  of  the  respective  eigenvalue,  the  distribution 
that  results  has  unit  variance  on  each  dimension.  However,  the  noise 
distributions  are  no  longer  hyperspherical , but  are  ellipsoidal  with 

axes  proportional  to  the  Inverses  of  the  associated  eigenvalues.  This 
may  or  may  not  be  relevant  for  later  processing.  In  either  case,  the 
data  distribution  no  longer  has  any  preferred  direction. 

4.  Ibe  data  distribution  in  the  scaled  eigenvector  space  may  be  rotated 
freely  by  an  orthonormal  transformation  (Pig.  4c-d) . 
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S.  The  last  stage,  and  probably  the  most  difficult  to  perform  opti- 
mally, is  the  mapping  of  three  of  the  derived  dimensions  onto  the 
colour  space.  There  is  no  clear  agreement  on  the  metric  of  colour 
space.  A s}nsposium  volijraie  devoted  to  the  topic  (Vos,  Friele  .1  Walraven, 
1972)  indicates  the  current  lack  of  consensus.  It  is  clear,  however, 
that  for  any  selectim  of  primary  colours  there  is  only  a finite  and 
well  defined  set  of  attainable  colours.  The  colour  space  is  some  kind 
of  a skew  three-faced  pyramid.  The  data  distribution,  on  the  other  hand, 
is  a more  or  less  Gaussian  sphere,  which  will  not  fit  conveniently  into 
the  colour  pyramid.  Either  outlying  points  will  be  plotted  in  an  un- 
attainable region  of  ’’colour"  space,  or  most  of  the  data  distribution 
will  be  clustered  into  a very  small  range  of  colours.  Either  the  clear 
primary  colours  (Including  black)  will  be  effectively  unused  or  many 
pixels  will  be  represented  by  supersaturated,  in^jossible  colours. 
Accordingly,  the  data  distribution  must  bo  distorted  before  it  is  fit- 
ted into  the  colour  space.  This  must  be  done  in  such  a way  that  the 
orthogonal  relationships  among  the  dimensions  are  disturbed  as  little 
as  possible.  The  problem  is  not  solved,  »id  colour  displays  produced 
to  date  have  utilized  a much  sicpler  approach.  They  have  sinply  toler- 
ated a certain  number  of  siq)ersaturated  pixels  in  order  to  accomodate  a 
moderate  linear  expansion  of  the  main  cluster  of  data.  In  addition,  the 
rectilinear  space  has  been  distorted  into  triangular  form  in  order  to 
bypass  the  problem  of  the  interaction  of  din^nsions  in  deteraining  the 
permissible  bounds  of  the  colour  space.  Instead  of  the  preferred  uni- 
form chroraaticity  space,  then,  a space  is  used  in  which  the  dimensions 
are  Blue  vs  Green  and  Red  vs  Blue-Green.  These  dimensions  were  chosen 
rather  than  Red  vs  Green  and  Blue  vs  Yellow  in  order  to  minimize  the 
distortion  of  the  uniform  chroraaticity  space  when  using  the  NTSC  stand- 
ard colour  TV  phosphors. 

RESULTS 

Covariance  data  were  obtained  from  14  frames,  l.argely  of  summer  scenes 
in  Southern  Canada,  which  had  been  requested  by  other  users  for  their 
own  purposes  . Eig^vectors  and  eigenvalues  were  determined  from  the 
total  data  sample.  10,000  pixels  were  used  in  each  frame.  The 
scaled  eigenvector  matrix  derived  frOTii  the  averaged  data  was  then 
used  to  describe  the  data  from  three  frames,  one  a scene  of  almost 
bare  rock  and  an  ice-filled  fjord  on  Ellesmere  Island  (78°W,  80°N 
approximately)  very  different  from  most  of  the  scenes  used  to  generate 
the  covariance  matrix;  one  a prairie  scene  centred  on  the  city  of 
Winnipeg,  Manitoba,  and  one  scene  centred  on  Vancoinrer,  B.C.,  which  had 
not  been  included  in  the  averaged  data  and  which  contained  the  silt- 
laden  water  of  the  Fraser  River.  The  first  two  scenes  were  imaged  in 
August  1973,  the  third  in  Spetember  1972. 

Initial  processing  of  the  data  in  each  case  was  done  by  correcting  the 
sensor  data  according  to  tables  constructed  by  Vishnid>halta  (Strome  and 
Vishnubhalta,  1973)  for  mid-August  1973.  The  output  of  the  tables  was 
the  logarithm  of  the  calibrated  sensor  values,  scaled  so  that  as  the  data 
ranged  from  0-63  so  also  did  the  tid>le  output.  The  calibration  is  not 
exact  for  very  low  readings  and  sensor  drift  between  September  1972  and 
August  1973  rendered  the  calibratifm  poorer  for  the  Vancouver  scene  than 
for  the  other  two. 
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Scattergrams  of  the  data  taken  pairs  of  bands  at  a time  from  the  Winni- 
peg scene  are  shown  in  Fig.  6 and  from  the  Bllesiaere  scene  in  Fig.  7. 

The  Winnipeg  scene  shows  high  coirelatlon  between  bands  4 and  5,  and 
between  bands  6 and  7,  but  when  one  of  the  visible  bands  is  considered 
together  with  one  of  the  infrared  bands,  the  data  assume  a fan  shape. 

The  four-dimensional  shape  is  of  a fan  thin  in  two  dimensions  and  fat 
in  the  other  two  --  a conical  fan,  so  as  to  speak.  Such  a shape  is  pro- 
bably typical  of  other  prairie  and  farming  scenes,  though  scattergrams 
have  not  been  made  to  test  this  assertion. 

The  Ellesmere  scene  shows  an  entirely  different  pattern  of  inter-sensor 
correlation  (Fig.  7) . The  data  in  any  pair  of  comparisons  fall  into  well 
defined  branches,  converging  at  the  very  bright  end  of  the  data  range. 

The  upper  branch  in  each  panel  represents  the  rock  and  what  sparse  vege- 
tation may  have  been  included  in  the  sample.  The  lower  branch  represents 
the  ice  and  snow,  much  of  which  was  probably  melting  in  the  summer  sun. 
Melting  snow  has  very  low  reflectance  in  the  longer  wavelengths,  but 
remains  bright  in  the  sliorter  wavelengths, 

Scattergrams  were  not  obtained  for  the  Vancouver  scene,  but  one  may  assume 
that  they  would  be  not  much  different  from  those  for  the  Winnipeg  scene 
with  the  exception  that  the  large  amount  of  water  in  the  scene  would  em- 
phasis the  lower  ranges  for  the  Infrared  bands.  Samples  would  occur  which 
had  higher  values  in  band  4 and  low  values  in  band  6 and  7.  Such  points 
would  plot  along  the  bases  of  the  three  left  panels  in  Pigs.  6 and  7. 

Portions  of  the  three  scenes  are  shown  in  Figs.  8,  9 and  10,  in  the  con- 
ventional 4-band  picture.  Like  the  other  pictures  in  this  report,  these 
figures  were  taken  directly  from  the  screen  of  the  Bendix  Multispectral 
Analyser  Display  ^AD)  at  the  Canada  Centre  for  Rempte  Sensing  (CCRS), 
in  Ottawa,  In  Pigs.  8,  9,  and  10,  the  left  strip  is  band  4,  the  right 
band  7.  In  each  case,  but  particulaTly  in  the  Ellesmere  scene,  it  is 
evident  that  much  of  the  variation  is  progressive  from  one  band  to  the 
next.  Vegetation,  of  course,  shows  up  lighter  in  bands  6 and  7.  The 
horizontal  bars  on  the  Winnipeg  scene  represent  data  errors. 

The  three  scenes  were  transformed  according  to  the  eigenvectors  of  the 
same  averaged  covariance  matrix.  Scattergrams  of  the  resulting  distri- 
butions are  shown  for  the  Winnipeg  and  the  Ellesmere  scenes  in  Pigs.  11 
and  12.  If  all  the  data  that  entered  the  averaging  had  been  transformed 
into  distributions  such  as  these,  each  panel  for  the  combined  data  would 
have  shown  a circular  distribution  of  unit  standard  deviation.  But  since 
neither  of  these  scenes  is  representative  of  the  totality  of  the  data, 
their  resulting  distributions  arc  not  perfect  \jnit  circles.  The  Winnipeg 
scene  shows  fairly  strong  correlation  between  the  second  and  third  dimen- 
sion in  the  vector  space,  and  the  original  fan  shape  shows  vp  (as  it  must 
in  at  least  one  projection)  in  the  scattergrams  both  of  the  first  against 
the  second  and  of  the  first  against  the  third  dimension  (upper  left  two 
panels). 
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The  Ellesmere  scene  involves  data  which  do  not  even  overlap  those  of  the 
Winnipeg  scene,  and  its  bifurcated  distribution  could  never  be  transformed 
into  a unit  hypersphere  by  any  linear  transforraation.  Nevertheless,  the 
averaged  data  provide  vectors  which  do  a fairly  good  job  of  rationalizing 
the  strange  distribution.  Most  of  the  bifurcation  appears  in  the  projection 
of  the  distribution  on  t]ie  first  versus  second  dimension,  (In  a space  based 
on  the  -covariance  distribution  of  this  particular  scene  alone,  all  the 
bifurcation  appears  In  the  single  panel  of  vector  1 vs  vector  2,  the 
other  panels  showing  fairly  good  unit  circular  distributions).  As  with 
the  Winnipeg  scene,  the  second  and  third  dimensions  are  correlated, 
but  this  time  the  correlation  is  negative.  In  tlie  colour  pictures  de- 
rived from  this  eigenspace,  the  Ellesmere  scene  is  totally  in  the  orange 
and  red  area,  whereas  the  Winnipeg  scene  tends  from  purple  to  green. 

Images  derived  from  the  four  vectors  of  a rotated  eigenspace  for  each  of 
the  three  scenes  are  shown  in  Figs.  13,  14  and  15.  Ihese  iraages  were 
obtained  by  applying  individually  to  each  vector  an  offset  to  avoid 
negative  numbers,  and  a scale  change,  and  then  treating  the  data  thus 
transformed  as  grey  scale  values.  While  the  resulting  vector  iraages 
look  superficially  like  the  individual  sensor  images  shown  in  Figs.  6 
and  7,  they  are  devoid  of  obvious  correlations  among  themselves.  For 
example,  consider  the  land,  the  ice  at  the  edge  of  the  fjord,  and  the 
large  floe  at  the  upper  left  of  the  Ellesraere  scene.  In  the  sensor  Images 
of  Fig.  7,  this  floe  gets  darker  from  band  4 to  band  7,  while  the  edge 
stays  bright  and  the  land  remains  mid-grey.  In  the  vector  images,  no 
such  trends  can  be  seen. 

Fig.  16  shows  enlarged  rotated  vector  images  of  a portion  of  the  Winni- 
peg scene  SW  of  the  city.  Note  that  separations  are  clearly  visible  in 
vector  2 between  some  fields  that  merge  into  a single  area  in  vector 
3,  and  vice  versa.  Neither  vector  suffices  to  show  all  the  inter-field 
discriminations.  Vector  1 and  4 show  the  effects  of  poor  low-level  cali- 
bration. Both  are  heavily  weighted  by  bands  6 and  7 in  this  particular 
rotation  of  the  eigenspace  (vector  1 actually  corresponds  to  a direction 
in  4-space  near  the  original  vector  3) , and  these  bands  seem  in  this 
image  to  have  the  worst  low-level  calibration  correction.  Despite  the 
noise  in  vectors  1 and  4,  they  may  be  used  to  make  some  discriminations 
not  possible  using  the  other  two  vectors.  In  general,  each  vector  makes 
an  independent  contribution  to  the  Interpretation  of  the  scene. 

Let  us  now  consider  the  amount  of  information  potentially  available  in  each 
dimension.  Since,  overall,  the  data  in  the  various  dimensions  are  uncor- 
related, we  can  treat  each  separately.  The  noise  which  limits  the  precision 
of  observation  includes  quantization  noise;  the  signal  can  vary  * 0.5 
units  without  altering  the  reported  datum.  After  logarithmic  trans- 
formation, the  size  of  the  quantiun  depends  on  the  signal  level,  being 
large  for  small  signals  but  small  for  large  signals.  On  average,  it 
probably  is  near  1 unit,  since  the  log  scale  is  stretched  to  cover  the 
same  range,  0-63  units,  as  the  original  sensor  data.  On  tluis  assumption, 
the  equivalmt  noise  is  0.08  unit^.  At  lower  signal  levels  if  t^e 
quantum  is  about  3 1/2  mits,  the  noise  may  go  as  high  as  1 imit  . Such 
levels  are  fotmd  in  water  regions  and  shadows.  To  ease  further  discussion, 
let  us  settle  on  an  estimated  quantization  and  calibration  noise  of  about 
0.1  uait^,  probid>ly  Sn  optimistic  estimate  for  most  scenes. 
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The  effects  of  quantization  and  calibration  errors  at  low  levels  can  be 
seen  in  the  rotated  vector  images  for  Winnipeg  and  Vancouver,  particu- 
larly in  rotated  vectors  1 and  4,  Strong  weighting  of  these  vectors 
on  the  low  level  band  7 is  responsible.  Sucli  effects  do  not  show  on  the 
Ellesmere  scene,  since  most  of  the  sensor  data  wore  at  high  levels  where 
quantization  effects  are  minimal. 

Tne  eigenvalues  of  the  covariance  matrix  determine  the  variance  due  to 
that  dioiension.  iVhen  each  of  the  14  scenes  which  were  averaged  is  treated 
individually  so  as  to  concentrate  the  variance  in  the  first  dimension  for 
each  scene  separately,  the  first  dimension  accounts  for,  on  average,  96% 
of  the  total  variance,  the  second  for  79%  of  the  rest,  and  the  third  for 
74%  of  tl^e  remainder.  What  is  left  for  the  fourth  vector  has  a variance  of 
.37  unit",  barely  above  the  estimate  of  quantization  variance.  Compared  to 
the  quantization  variance  estimate,  the  signal-to-nolse  ratio  of  the  four 
dimensions  is  about  31  dB,  17  dB,  10  dB  and  6 dB  respectively. 

iheso  figures  are  obtained  when  each  scene  is  viewed  in  its  own  optimum 
vector  space.  When  the  gross  average  data  are  viewed  as  a group,  two 
things  happen.  Firstly,  there  is  more  overall  variance  because  of  the 
differences  among  scenes.  Secondly,  the  scenes  differ  in  various  ways,  so 
that  the  overall  dimensionality  becomes  larger.  In  terms  of  the  last  para- 
graph, the  first  dimension  in  the  overall  data  now  accounts  for  only  84% 
of  the  variance,  the  second  for  84%  of  what  is  left,  and  the  third  for  77% 
of  the  remainder.  The  slgnal-to-noise  ratios  are  32  dB,  23  dB,  15  dB  and 
9 dB.  These  figures  show  that  whereas  three  dimensions  probably  give  an 
acceptably  con^lete  description  of  the  information  available  if  a scene  Is 
described  in  terras  of  its  own  eigenvector  space,  the  fourth  dimension  may 
supply  some  useful  information  when  the  scene  is  describod  in  a space 
derived  from  the  entire  data  set.  This  fact  supplies  the  rationale  for 
rotating  the  four-dimensional  space  in  various  ways  to  permit  different 
three-dimensional  projections  which  can  b©  viewed  in  colour  space. 

We  cannot  allow  the  presentation  of  each  scene  in  its  own  eigcmspace,  since 
this  would  present  the  interpreter  with  intolerable  variation  in  the  re- 
lation of  colour  with  groxmd  truth.  However,  one  could  admit  a small  set 
of  rotations i one  rotation,  for  exan^le,  which  would  optimally  display 
forests,  another  which  would  give  best  discrimination  In  agricultural  lands, 
and  another  for  glaciologists.  Each  interpreter  within  a discipline  would 
then  have  to  deal  with  only  a single  transformation,  whose  three- 
dimensional  structure  would  contain  essentially  all  the  information 
relevant  to  his  purposes.  Investigation  of  possible  specialized  display 
spaces  is  intended  as  an  early  stage  of  the  continuing  investigation.  It 
should  be  noted  that  Haraliek  (1969)  found  that  a three-dimensional  space 
represented  well  the  data  from  a small  forested  and  mountainous  region  in 
Yellowstone  Park  scanned  by  a 12-band  system  operating  from  the  near  ultra- 
violet across  the  part  of  the  spectrum  covered  by  ERTC.  It  therefore  seems 
reasonable  that  three  dimensions  will  adequately  deal  with  most  problems  of 
ERTS  data  display.  For  those  cases  where  three  dimensions  are  inadequate, 
either  a grey-scale  display  of  the  fourth  vector  or  a colour  display  made 
\xp  of  the  second^  third  end  fourth  dimensions  should  siqpplement  the  pri- 
mary colour  display. 
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The  actual  colour  presentation  of  the  three-dimensional  display  remains 
an  optimization  problem.  Pleasing  displays  have  been  made  by  several 
"artistic"  techniques,  all  of  which  have  their  faults.  The  display  used 
for  BK>st  of  the  slides  which  accon^anied  the  verbal  presentation  of  this 
paper  allowed  the  second  eigenvector  to  control  the  ratio  of  red  to  the 
average  of  blue  and  green,  and  the  third  to  control  the  blue/ green  ratio. 

The  va,lues  obtained  for  red,  green  and  blue  were  multiplied  by  a number 
determined  by  the  first  eigenvector,  as  representing  brightness.  Hiis 
choice  hais  two  major  faults.  Firstly,  perceived  brightness  is  not  wholly 
independent  of  colour  under  this  algorithm,  and  secondly,  if  the  second 
eigenvector  weights  the  colour  strongly  into  the  red,  the  value  of  the  third 
will  have  very  little  effect  on  the  colour.  All  objects  will  appear  red 
when  the  second  vector  is  strongly  negative.  An  ii^iroved  technique  would 
distribute  data  uniformly  within  the  colour  space,  in  such  a way  that  a 
coiistant  value  on  one  vector  would  be  represented  by  a perceptually  constant 
effect.  A uniform  ehromaticity  space  described  by  MacAdam  (1971)  seems  to 
provide  a promising  approach  to  fulfilling  these  requirements  and  an 
algorithm  to  use  it  for  display  is  currently  being  programmed. 

SUMMARY 

The  correlated  data  from  the  ERTS  sensors  has  been  transformed  into  a space 
in  which  the  four  dimensions  are  uncoxrelated  and  of  equal  variance,  lliis 
was  accomplished  by  determining  the  eigenvectors  of  the  covariance  matrix, 
and  dividing  the  data  projections  on  the  eigenvectors  by  the  square  roots 
of  the  associated  eigenvalues.  Data  thus  transformed  may  be  treated  in  a 
variety  of  ways,  primarily  by  rotating  the  space.  Space  rotation  in  this 
scaled  eigenvector  space  may  be  performed  freely  without  introducing  cor- 
relation among  the  rotated  dimensions.  In  the  rotated  space,  three  di- 
mensions are  chosen  for  display  as  the  dimensions  of  colour  space.  The 
resulting  colour  pictures  show  discriminations  rather  better  than  do  dis- 
plays based  on  band  selection.  The  amount  of  information  carried  by  the 
first  dimension  is  considerably  greater  than  by  the  second,  whidi  is  in 
its  turn  much  more  informative  than  the  third.  The  information  carried  by 
the  fourth  dimension  is  ordinarily  very  small,  but  could  be  important  in 
particular  applications.  In  such  cases  a display  including  the  fourth  di- 
mension could  supplement  a standard  display.  For  particular  applications 
special  displays  may  well  be  made  either  from  a specially  derived  eigen- 
vector set  or  from  a rotatim  of  the  basic  eigenvector  space  to  emphasis 
discriminations  of  interest  for  the  particular  application. 

FOOTNOTES 

*This  is  DCIEM  Research  Paper  73-RP-987 

**Much  of  this  work  was  done  using  the  display  systems  at  the  Canada 
Centre  for  Remote  Smsing,  Ottawa,  as  a cooperative  project  between 
The  Defence  and  Civil  Institute  of  Enviroimental  Me^eine  and  the 
Canada  Centre  for  Remote  Sensing.  I thank  particularly  Mr.  Gordon 
Wayne  for  the  long  hours  of  programming  he  has  spent  on  the  project, 
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and  Drs.  S.S.  Vishmibhalta  and  S.  Schliah  for  their  assistance  in 
providing  routines  and  tables  for  natrix  nitatipulations  and  for  their 
stimulating  discussions  of  the  principles  involved  in  the  woi^. 
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TABLE  I 


The  scaled  eigenvector  space  derived  from  the  averaged  covariance  matrix. 
Entries  are  the  weights  of  the  various  bands  in  the  Various  vectors . 


Band  4 

Band  5 

Band  6 

Band  7 

Vector  1 

.03 

.04 

.05 

.06 

Vector  2 

-.14 

-.13 

,03 

.12 

Vector  S 

.42 

.41 

.01 

.04 

Vector  4 

.13 

.12 

-.89 

.58 
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rrom  tne  vector  representatxon  to  colour  primaries  is  st^posed  t< 
be  the  inverse  of  the  processing  a|:^lied  by  the  visual  system  to 
produce  the  three  dimensions  from  the  sensed  primaries  of  the 
display. 
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Fig.  6 liiter-band  correlograms  for  a see 
including  the  city  of  Winnipeg. 
Note  the  high  correlation  between 
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Fig.  7 Inter-band  correlograms 


1892 


Fig.  8 Images  from  each  of  the  four  of  the  Winnipeg 

scene. 


Fig.  9 Images  from  each  of  the  four  bands  for  part  of  the  Ellesmere 
Island  scene. 


Fig.  10  Images  from  each  of  the  four  bands  for  a scene  including  Van 
couver  city  and  the  mouth  of  the  Fraser  River, 
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Fig.  11  Correlograms  of  the  relations  between 
the  scaled  eigenvectors  for  the 
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Fig. 
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APPLICATIONS  OF  ERTS  DATA  TO  RESOURCE  SURVEYS  OF  ALASKA 

Albert  E.  Belon  and  John  M,  Miller 


ABSTRACT 

ERTS  data,  with  its  demonstrated  capability  for  economical  surveys  of 
large  areas  , affords  a unique  opportunity  to  perform  urgently  needed 
resource  surveys  and  land-use  plahning  at  a critical  juncture  in  the 
history  of  Alaska's  social  and  economic  development.  A facility  for 
retrieval,  processing  and  interpreting  ERTS  data  and  aircraft  remote 
sensing  data  has  been  established  at  the  University  of  Alaska.  This 
facility  is  widely  utilized  by  twelve  University  ERTS  projects  and 
many  agencies,  public  and  private,  to  produce  the  needed  environmental 
surveys  in  strategic  regions  of  Alaska . The  available  facilities  for 
photographic,  optical  and  digital  processing  of  ERTS  data  are  described, 
along  with  the  interpretive  techniques  which  have  been  developed. 
Examples  of  the  applications  of  these  facilities  and  techniques  are  given 
for  three  environmental  disciplines:  vegetation  mapping  for  potential 
archeological  sites;  marine  and  sea-ice  surveys  on  the  Alaskan  con- 
tinental shelf  for  the  determination  of  surface  circulation  and  sedimen- 
tation patterns  and  their  effects  on  navigation,  pollution  assessment, 
fisheries,  location  of  harbors  and  construction  of  off-shore  structures; 
snow  surveys  for  inventories  of  water  resources  and  flood  potential 
in  Alaska  watersheds  . 


INTRODUCTION 

ERTS  data,  with  its  demonstrated  capability  for  economical  surveys  of  large 
areas,  affords  a unique  opportunity  to  perform  urgently  needed  resource  sur- 
veys and  land-use  planning  at  a critical  juncture  in  the  history  of  Alaska's 
social  and  economic  development.  With  NASA  support  the  University  of 
Alaska  has  established  the  capability  to  retrieve,  process,  analyze  and  in- 
terpret ERTS  data  which  is  unmatched  in  Alaska  and  in  many  other  areas  . 

This  facility,  which  handles  both  spacecraft  and  aircraft  remote  sensing  data, 
is  now  available  and  is  being  utilized  by  twelve  University  ERTS  projects  and 
most  of  the  government  agencies  in  Alaska  concerned  with  environmental  anal- 
yses, resource  surveys  and  planning,  as  well  as  other  private  organizations. 
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1899 


N74  30827 


FACILITY  FUNCTIONS 


The  overall  coordination  and  management  structure  for  the  effective  dis- 
semination and  use  of  ERTS  data  in  Alaska  is  shown  in  Figure  1.  The  or- 
ganization of  the  University  ERTS  program  is  versatile  and  utilitarian  in 
order  to  best  serve  many  investigators  and  government  agency  users  of 
Ala  ska  A data. 

The  methods  for  coupling  new  remote  sensing  technology  through  coop- 
erative activities  with  government  agencies  are  outlined  by  five  basic  steps 
detailed  in  Figure  2 . The  first  function  is  that  of  observation  in  which  both 
the  University  and  outside  agencies  familiarize  themselves  with  the  activities 
and  requirements  of  the  other.  The-  next  appropriate  event  is  an  exchange  of 
data  to  ensure  that  all  data  that  are  available  can  be  brought  to  bear  in  prob- 
lem solving.  The  third  function  is  data  analysis  in  which  interpretive  services 
are  applied  to  earth  resources  data . Frequently  such  analysis  requires  facil- 
ities of  new  technologies  which  are  provided  by  the  technical  services  of  the 
University  ERTS  program.  A very  important  function  is  that  of  joint  participation 
in  projects  by  agencies  and  the  University  which  aims  at  avoiding  duplication 
of  effort  and  enhancing  operational  applications  of  existing  work.  Most  of  the 
, , University  ERTS  projects  sponsored  by  NASA  fall  in  the  latter  category. 

Centralized  Facilities 

Both  basic  and  reasonably  advanced  techniques  for  data  processing,  enhance- 
*■  ment,  analysis  and  interpretation  are  provided  to  all  Alaska-based  users  of 
remotely  sensed  imagery  by  the  centralized  facilities  at  the  University  of 
Alaska  in  Fairbanks.  Figure  3 outlines  the  scope  and  detail  of  the  major 
laboratories,  library,  shops,  and  computer  center. 

The  ERTS  data  library  has  archived  some  30,000  products  and  serves  as  a 
user-oriented  browse  facility,  Specialized  outputs  of  the  library  include  an 
Alaskan  ERTS  coverage  map,  illustrated  in  Figure  4,  which  locates  geometrically 
and  by  scene  ID  number  the  principal  point  of  every  available  ERTS  scene  with 
low  cloud  cover.  These  are  prepared  on  a seasonal  basis  to  avoid  undue  map 
clutter  and  also  because  many  applications  require  data  from  specific  seasons 
only. 

Another  useful  item  is  the  Alaskan  ERTS  data  catalog  which  lists  all  low  cloud 
cover  scenes  of  Alaska  chronologically  along  with  the  usual  reference  inform- 
ation. Two  important  features  enhance  the  utility  of  this  ERTS  catalog  relative 
to  the  more  comprehensive  NASA  catalog.  The  Alaska  catalog  by  being  restricted 
only  to  Alaska  scenes  eliminates  coverage  of  the  rest  of  the  world  and  thereby 
is  more  convenient  for  Alaskan  users.  Secondly,  each  scene  is  assigned  a 
principal  place  name  which  saves  time  in  searching  for  specific  coverage. 
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An  optical  image  enhancement  and  interpretation  laboratory  contains  four 
major  viewing  systems . A color  additive  projector  was  designed  and  built 
in-house  to  produce  1:500,000  false  color  composite  images  from  70mm  ERTS 
chips  . A Bausch  & Lomb  zoom  transfer  scope  is  available  for  transferring 
satellite  and  aircraft  data  onto  a map  base  up  to  a scale  eonverslon  factor 
of  14:1.  The'  VP-8  image  analyzer  is  shown  in  Figure  5 and  provides  a rather 
powerful  tool  for  electronically  analyzing  photographic  images  . Although  the 
VP-8  is  basically  a color  coded  density-slicing  display  device,  it  contains 
several  novel  features  which  are  described  later.  Our  most  recent  acqulsl* 
tion  is  a model  MS-970-1  multiformat  photO  interpretation  station  for  enhanced 
viewing  of  aerial  photography  . This  unit  includes  a widespan  zoom  stereo- 
scope and  is  capable  of  handling  70mm,  5 inch,  and  9 inch  film. 

A special  feature  of  the  photo  laboratory  is  the  LogEtronics  Mark  III  printer 
used  for  electronically  dodging  color  and  black  and  white  prints.  Other 
standard  photo  facilities  include  black  and  white  and  color  printers  and 
enlargers  , a MacBeth  Quantalog  densitometer,  and  an  array  of  copy  and 
process  equipment. 

The  heart  of  our  digital  data  processing  laboratory  for  remote  sensing  data 
applications  is  the  CDU-200  color  display  unit  shown  in  Figure  6.  The 
CDU-200  is  an  off-line  Interactive  display  terminal  of  an  IBM  360/40  located 
in  the  University  computer  center.  The  color  display  unit  is  used  for  digital 
manipulation  and  display  of  NASA  computer  compatible  tapes.  It  generates 
and  displays  color  coded  thematic  maps  from  multispectral  analysis  of  ERTS 
data . 

Interpretation  Techniques 

We  have  adapted  or  developed  data  interpretation  techniques  at  a deliberate 
pace  to  match  the  rather  modest  resources  available.  While  foregoing  the 
power  of  the  brute  force  computer  systems,  we  have  relied  upon  man-aided 
automatic  data  processing  techniques  to  minimize  hardware  requirements 
and  still  meet  investigator  requirements  and  outside  agency  needs.  Empha- 
sizing medium  power  interpretation  techniques  was  an  appropriate  expedient  be- 
cause the  current  pressing  need  in  Alaska  is  for  broad  regional,  rather  than 
local  and  intensive,  environmental  and  resource  surveys. 

Conventional  analog  interpretation  techniques  include  the  following: 

- Customized  color  and  black  & white  printing  of  enhanced  ERTS  images 
for  applications  such  as  snow  surveys,  marine  surveys,  identification 
of  geologic  structures,  and  vegetative  mapping. 

- Reconstitution  of  false  color  ERTS  Images  using  Ektacolor  and  diazo 
processes,  optical  techniques  of  the  color  additive  projector,  and 

digital  techniques  with  the  analog  encoder  of  the  CDU-200  color  display  unit. 

- Manual  preparation  of  thematic  maps  and  overlays  using  photographic 
and  zoom  transfer  scope  techniques. 
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The  currently  Implemented  optical  and  photographic  processing  techniques  and 
digital  data  processing  techniques  and  their  interrelationships  are  shown 
schematically  in  Figures  7 and  8. 

Digital  Image  Processing 

The  CDU-200  color  display  unit  represents  the  major  development  of  interpreta- 
tion techniques  by  the  University  facility,  and  reflects  our  need  for  digital  inter- 
pretation of  multispectral  data  without  access  to  a large,  dedicated  computer 
system.  Figure  9 shows  a block  diagram  of  the  color  display  system.  A 25  inch 
color  TV  monitor  is  utilized  as  the  output  display  device.  A PDP-11  minicomputer 
controls  the  tape  drive  and  three  disk  refresh  memories,  each  of  which  stores 
a portion  of  an  ERTS  scene  512  by  512  pixels  in  size  from  any  three  of  the  four 
ERTS  multispectral  bands. 

The  heart  of  the  color  display  system  is  the  CD- 16  digital  color  encoder  and 
the  AP-3  analog  color  encoder,  which  together  form  the  main  user  interface  to 
the  system.  By  interacting  with  the  display,  the  investigator  manipulates  the 
three  dimensional  data  stream  to  create  man-aided  machine  classification 
decisions  which  have  useful  correlations  with  the  object  space  in  the  real 
world. 

The  logical  design  principle  Is  based  upon  simple  hyperplane  decision  rules 
which  imply  that  the  data  are  normally  distributed.  This  s implication  under- 
scores the  importance  of  working  with  well-behaved  data  and  of  not  insisting 
upon  intensive  classification  programs  for  clusters  of  multispectral  data  which 
at  best  are  difficult  to  discriminate.  Trade-offs  between  machine  sophistication 
and  statistical  classification  power  were  necessary,  but  these  trade-offs  were 
compromised  toward  man-aided  machine  interpretation.  Some  of  the  power  lost 
in  foregoing  the  capability  for  unsupervised  classification  was  regained  by 
coupling  into  the  system  the  creative  elements  of  human  interpretive  skills. 

This  has  resulted  in  a system  with  a favorable  cost-benefit  ratio:  we  can 
perform  perhaps  60%  of  the  tasks  of  the  larger  systems  at  about  25%  of  the 
initial  hardware  cost,  and  the  results  are  satisfactory  for  broad  regional 
resource  surveys  which  are  Alaska's  prime  need. 

There  are  several  ways  to  use  the  color  display  unit.  The  AP-3  analog  encoder 
provides  two  system  functions.  In  the  first  function  it  linearly  transforms  up 
to  seven  video  inputs  into  three-dimensional  color  space.  Each  input  can  be 
separately  biased,  inverted  and  scaled  in  the  transform,  By  combining  three 
spectral  inputs  with  blue,  green  and  red  coding,  one  can  reconstitute  the 
familiar  simulated  color- infrared  display  at  a fixed  display  scale  of  1:41,000 
at  full  ERTS  resolution.  No  provision  has  been  made,  however,  to  provide 
geometrical  corrections  for  skew,  rotational  and  aspect  distortions  inherent 
in  ERTS  digital  data.  Numerous  other  intermediate  color  additive  and  sub- 
tractive displays  also  can  be  generated,  supporting  an  almost  endless  variety 
of  possible  color  combinations  with  automatic  pixel  registration  to  meet  any 
need  for  specific  feature  enhancement.  The  second  system  function  compares 
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two  video  signals  by  addition,  subtraction,  or  by  flicker,  which  rapidly 
alternates  the  two  images  on  the  display.  The  variable  flicker  rate  aids 
radiometric  calibration,  when  necessary,  and  enhances  spectral  or  spatial 
differences  between  images . 

Data  interpretation  in  its  truest  sense  involves  the  use  of  the  CD- 16  digital 
encoder  rather  than  the  analog  encoder.  The  digital  encoder  translates  up  to 
an  8-bit  pattern  to  a field  display  combination  of  16  color  and  color-accents. 

For  reference  purposes,  it  also  generates  a 16  level  sequence  at  the  bottom 
of  the  TV  display  (see  Figure  10)  which  expresses  the  blt-color-accent  Com- 
binations that  are  selected . This  forms  a valuable  visual  reference  for  the 
operator  as  well  as  documentation  of  classification  signature  values  when 
the  monitor  display  is  recorded  photographically. 

The  CDU-200  digital  display  system  performs  as  an  off-line  terminal  of  a 
non-dedicated  IBM  360/40  computer  with  a 128K  core  memory.  The  general 
purpose  display  capabilities  of  the  CDU-200  and  its  interface  to  the  IBM  360 
allow  virtually  any  image  processing  and  interpretation  technique  to  be  tested, 
and  if  successful,  to  be  applied  on  a larger  scale.  A disadvantage  of  the 
more  sophisticated  pattern  recognition  techniques  (besides  swamping  our 
computer  capability)  is  that  geophysical  data  are  less  easily  expressed  in  a 
form  suited  for  mathematical  optimization  than  are,  for  example,  agricultural 
data.  One  of  the  powerful  features  of  the  CDU-200  is  its  ability  to  provide 
real-time  display  of  the  results  of  the  investigator's  processing  instructions. 

The  investigator  who  cannot  express  his  classifications,  judgments,  and 
results  mathematically  sometimes  can  converge  to  useful  results  by  interacting 
with  the  parameters  of  his  multispectral  data  in  a number  of  stepped  processing 
techniques.  When  good  results  are  achieved,  the  capabilities  of  the  IBM  360/40 
or  other  more  powerful  data  processing  facilities  can  be  utilized  to  apply  the 
results  to  broad  regional  surveys. 

Analog  Image  Processing 

The  previously  described  digital  processing  and  display  system  Is  limited  to 
the  analysis  of  ERTS  digital  tapes.  The  analog  image  processing  system,  the 
VP-8  image  analyzer,  when  fully  integrated  to  the  CDU-200  will  extend  the 
full  capabilities  of  the  digital  system  to  photographic  images  as  well.  The 
VP- 8 also  provides  a means  for  generating  computer  graphics  for  electronic 
superposition  on  the  ERTS  and  aircraft  images  displayed  on  the  color  monitor. 

At  present,  the  primary  function  of  the  VP-8  image  analyzer  is  color  coded  den- 
sity slicing  of  photographs  or  transparencies  . The  output  is  a conventional 
color  TV  monitor,  and  has  the  special  feature,  as  with  the  CD-16  digital  encoder, 
of  displaying  a narrow  band  at  the  bottom  of  the  display  providing  a visual 
reference  of  all  level  settings,  intensities,  and  colors. 
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There  are  eight  intensity  slicing  levels  which  can  be  adjusted  separately  or 
collectively.  The  base  level  adjustment  can  span  the  entire  density  range  of 
the  image,  and  setting  six  aperture  bands  determines  additional  slicing  levels 
above  the  base  level.  The  aperture  bandwidths  are  adjusted  by  individual  con- 
trols, or  can  be  adjusted  collectively  by  a 200:1  multiplier.  This  permits  the 
choice  of  linear,  logarithmic  or  other  aperture  relationships.  Any  number  of 
level  slices  above  eight  is  possible  by  repetitively  adjusting  the  bottom  of 
the  next  set  of  slices  to  the  top  level  of  the  preceding  set.  Setting  density 
slicing  levels  with  reference  to  the  built-in  digital  readout  provides  the  pre- 
cision which  makes  feasible  such  repetitive  level  slicing. 

A novel  capability  of  the  VP-8  is  that  of  isometric  projection  of  the  image 
intensities  on  an  XYZ  monitor  . This  presents  a pseudo  three-dimensional 
display  with  image  position  information  on  the  x and  Y axes  and  with  density 
information  on  the  Z axis,  as  shown  in  Figure  11 . The  Isometric  image  can  be 
manipulated  in  3-D  space  by  individual  adjustment  of  rotation,  inclination, 
and  relief  controls.  The  effect  of  the  isometric  image  resembles  viewing  a 
relief  model  where  terrain  elevation  represents  image  density  rather  than 
elevation  contours. 

Horizontal  and  vertical  cursors  are  provided  and  can  be  adjusted  to  any 
position  on  the  image  . The  horizontal  cursor  selects  any  single  horizontal 
scan  line  for  display  on  the  XYZ  monitor,  as  shown  in  Figure  12,  and  thus 
produces  an  electronic  densitometer  display.  Adjusting  the  vertical  cross- 
hair along  the  scan  line  defines  point-by-point  Resolution  elements,  and  the 
crosshair  point  is  highlighted  on  the  single  scan  display  for  visual  reference. 

The  digital  readout  can  display  the  XY  coordinates  and  the  image  density  at 
the  point  designated  by  the  crosshairs.  The  digital  readout  also  can  function 
as  a planimeter  and  measure  the  areas  comprised  in  any  density  aperture  in 
engineering  units  or  percent  of  total  area . 

APPLICATIONS  RESULTS 

The  goal  of  our  data  retrieval,  processing,  and  interpretive  facility  is  to  provide 
the  means  to  analyze  ERTS  and  aircraft  remote  sensing  data  to  all  users  , Includ- 
ing University  investigators,  government  agencies,  and  private  organizations. 

We  have  not  attempted  to  advance  the  state  of  the  art  as  such.  Four  of  many 
possible  examples  of  the  applications  of  this  facility  are  given  below  to  illus- 
trate the  results  obtainable  from  these  interpretive  techniques  in  terms  of 
Alaskan  resource  inventories.  Other  applications  of  ERTS  data  to  environmental 
and  resource  surveys  of  Alaska  are  described  in  other  presentations  at  this 
symposium . 

One  of  the  more  unusual  projects  of  the  University  of  Alaska  is  an  archeological 
study  of  the  lower  Yukon  River  described  in  Figure  13.  The  goal  of  the  project 
is  to  evaluate  the  feasibility  of  identifying  old  native  village  sites  on  ERTS  imagery. 
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Ground  based  studies  have  shown  that  such  sites  often  are  along  river  banks 
and  are  associated  with  areas  of  lush  grass  interspersed  with  vigorous  growths 
of  willows . The  area  near  Kaltag  on  the  lower  Yukon  is  the  study  area  , and  it 
is  a wilderness  region  covered  by  combinations  of  vegetation  types  rather 
than  by  homogeneous  stands  of  single  species  . We  generated  multispectral 
signatures  with  the  CDU-200  and  the  IBM  360  for  associations  of  vegetative 
types  in  order  to  produce  the  classification  printout  shown  in  figure  13.  The 
color  display  unit  generated  a general  classification  map  of  these  major  vege- 
tation types,  as  well  as  a thematic  map  showing  only  two  types  of  water  (for 
positional  reference)  and  the  potential  archeological  sites.  Verification  that 
ERTS  data  located  an  abandoned  village  site  without  prior  knowledge  of  its 
position  awaits  verification  by  field  work. 

Another  important  application  of  ERTS  data  is  the  study  of  circulation  patterns 
in  Cook  Inlet  which  is  an  important  transportation  corridor  to  half  of  the  state's 
population  and  includes  both  major  petroleum  production  and  commercial  fishing 
activities.  Figure  14  is  a pre-ERTS  model  of  the  circulation  pattern  of  the  inlet. 
Because  of  a five  hour  difference  in  tides  between  the  upper  and  lower  inlet, 
the  clear  sea  water  flows  north  along  the  eastern  shore,  while  the  heavily 
silt- laden  water  from  the  upper  inlet  come  down  along  the  western  shore  . 

Figure  15  is  a density- sliced  display  of  the  lower  inlet  with  an  overlay  of 
sea  truth  sedimentation  data  acquired  coincidentally  with  the  satellite  pass. 

The  ERTS  data  verifies  the  circulation  model  quite  well.  There  is  a good  cor- 
relation between  sediment  load  and  reflected  radiation,  so  we  can  assign  a 
value  of  milligrams  per  liter  to  a given  radiation  intensity  displayed  as  color 
contours . 

As  shown  by  ERTS  In  Figure  16,  sometimes  the  circulation  patterns  of  the  model 
are  incorrect.  On  3 November  1972,  the  highly  sedimented  water  appears  on  the 
east  side  of  the  inlet  with  the  crossover  above  the  forelands  rather  than  below 
as  the  model  indicates.  This  suggests  the  possibility  that  the  clear  marine 
water  flows  under  the  sedimented  water  and  then  upwells  again  to  the  north. 
Because  of  this  crossover,  this  region  presents  difficult  navigation  problems 
at  certain  phases  of  the  tide.  There  also  are  important  implications  for  the 
fishing  industry  because  salmon  tend  to  congregate  at  the  marine  and  fresh 
water  boundaries  before  proceeding  to  their  river  spawning  grounds. 

Another  application  of  ERTS  data  deals  with  the  snow  and  breakup  survey  of  the 
North  Slope.  Figure  17  shows  mid-winter,  mid-melting,  and  post-melting 
conditions  of  an  area  stretching  from  the  Brooks  Range  to  Prudhoe  Bay  on  the 
Arctic  coast.  Early  in  the  melt  season,  thin  or  non-existant  snow  appears  in 
the  foothills  and  along  river  drainages  where  the  snow  first  begins  to  disappear. 
Near  the  end  of  the  melt  season  the  snow  remains  only  in  gullies.  This  suggests 
a model  of  the  snow  breakup  in  which  the  breakup  proceeds  from  the  higher  ele- 
vations where  the  snow  cover  has  been  depleted  by  wind  erosion,  to  melting  in 
the  north-south  facing  valleys,  which  starts  the  run-off  process  down  the  river 
drainages.  Then  the  breakup  spreads  to  the  snow  cover  adjacent  to  rivers  and 
finally  to  the  plains  where  the  snow  disappears  last  from  gullies  and  lakes. 
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Image  enhancement  highlights  the  impact  of  man's  activities  on  the  snow  melt 
model  for  the  arctic.  By  27  May  the  Sagavanirktok  River  has  open  running  water, 
and  the  Prudhoe  Bay  road  is  visible  on  the  original  ERTS  Imagery.  On  the  color 
enhanced  and  density-sliced  view  of  Figure  18,  this  area  shows  melt  plumes 
which  extend  to  the  southwest  indicating  the  direction  of  prevailing  winds . 

Figure  19  is  an  aerial  view  of  this  road  and  shows  how  the  wind  picks  up  dust 
and  deposits  it  downwind  thereby  accelerating  the  melting  process  in  the  affected 
areas.  This  winter  there  is  not  much  activity  on  the  North  Slope,  but  as  oil  pro- 
duction activities  grow  they  may  have  a significant  influence  on  snow  breakup 
characteristics  in  the  arctic.  Hydrological  modelling  of  the  Alaskan  North 
Slope  is  an  imperative  need  because  clean  water  at  certain  seasons  is  a scarce 
commodity  which  will  become  more  precious  as  man's  activities  increase. 

CONCLUSION 

The  concept  of  a remote  sensing  data  retrieval,  processing,  and  interpreting 
facility  located  in  Alaska  for  regional  users  has  been  implemented  and  is  being 
benefically  applied  to  a wide  segment  of  ERTS  projects  in  the  state.  By  archiving 
complete  coverage  of  clear  scenes  of  Alaska,  the  necessary  data  products  are 
immediately  available  for  any  application.  Provision  for  enhancement  and  in- 
terpretive techniques  of  moderate  sophistication  enables  much  work  to  be  done 
quickly  and  at  relatively  lower  cost  than  would  be  the  case  if  such  work  had  to 
be  farmed  out  to  overtaxed  facilities  elsewhere.  Investigators  have  the  advan- 
tages of  working  intensively  within  the  geographic  region  of  their  interest  rather 
than  resorting  to  occasional  field  work  while  doing  the  analysis  in  an  unrelated 
environment.  The  centralized  facility  established  to  Serve  the  data  users  of 
ERTS-1  should  grow  in  its  significant  benefits  as  ERTS-B  and  other  operational 
remote  sensing  programs  are  implemented. 
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SCENE  CORRECTION  (PRECISION  PROCESSING)  OF  ERTS  SENSOR  DATA  USING 
DIGITAL  IMAGE  PROCESSING  TECHNIQUES 

Ralph  Bernstein,  Federal  Systems  DMsion,  IBM  Corporation,  Gaithersburg,  Maryland,  USA 


ABSTRACT 

Techniques  have  been  developed,  imoleraented,  and  evaluated 
to  process  ERTS  Return  Beam  Vidicon  (RBV)  and  Multispectral 
Scanner  (MSS)  sensor  data  using  digital  linage  processing 
techniques.  The  RBV  radlometry  has  been  correbted  to  remove 
shading  effects,  and  the  MBS  geometry  and  radlometry  have  been 
corrected  to  reinove  internal  and  external  radiometric  and  geo- 
metric errors.  General  purpose  and  special  pufnose  computer 
configurations  to  process  this  data  in  a production  mode  have 
been  defined  and  their  throughputs  investigated. 


The  results  achieved  to  date  show  that  geometric  mapping 
accuracy  of  about  one  picture  element  RMS  and  two  picture  elements 
(maximum)  can  be  achieved  by  the  use  of  nine  ground  control  points. 
Radiometric  correction  of  MSS  and  RBV  sensor  data  has  been 
performed  to  eliminate  striping  and  shading  effects  to  about  one 
count  accuracy.  Image  processing  times  on  general  purpose 
computers  of  the  IBM  370/145  to  168  class  are  in  the  range  of 
29  to  3i2  minutes  per  MSS  scene  (4  bands) . Photographic  images 
of  the  fully  corrected  and  annotated  scenes  have  been  generated 
from  the  processed  data  and  have  demonstrated  excellent  quality 
and  information  extraction  potential. 

INTRODUCTION 

Recent  parallel  advances  in  sensors,  information  extraction  techniques, 
and  digital  computers  have  stimulated  the  investigation  of  digital  processing 
of  earth  observation  sensor  data.  For  example,  the  National  Aeronautics 
and  Space  Administration  (NASA)  unmanned  Earth  Resources  Technology  Satellite 
(ERTS)  uses  a solid  state  multispectral  sensor  whose  output  is  digitized, 
transmitted  to  ground,  and  stored  in  a digital  form  prior  to  processing  [l]. 

A number  of  earth  resources  and  land  use  investigations  use  digital  computers 
to  extract  the  desired  information  from  the  sensor  data  [2,3].  However,  the 
sensor  data  suffers  from  a number  of  geometric  and  radiometric  errors  which. 
If  not  removed,  will  affect  the  information  extraction  potential  of  the  data. 
Thus^  it  appears  logical  to  Investigate  the  concept  of  digital  processing  of 
the  sensor  data  to  remove  these  errors  prior  to  the  information  extraction 
operation. 
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In  the  past,  the  use  of  digital  coiaputers  to  process  sensor  data  has  been 
limited  by  processing  speed  and  cost.  Recent  advances  in  digital  technology 
have  resulted  in  significantly  reducing  computer  costs*  ^hile  at  the  same 
time  Increasing  computer  capacity  and  speed. 

This  paper  will  provide  the  results  of  a recent  investigation  dealing  with 
the  geometric  and  radiometric  correction  of  ERTS  sensor  data  using  digital 
processing  techniques . 

SENSOR  DATA  CHARACTERISTICS 

Multlspectral  Scanner.  A schematic  of  the  ERTS  Multispectral  Scanner  (MSS) 
is  shown  in  Fig.  1 fl].  An  oscillating  mirror  and  optical  system  reflect 
and  direct  the  scene  radiance  energy  into  a solid-state  detector  array 
sensitive  to  four  spectral  bands  (0.5-0.6*  0.6-^0.7,  0.7^0.8,  and  O.B-l.l 
micrometers)  • Six  scan  lines  in  each  spectral  band  are  simultaneously  swept 
with  one  mirror  sweep.  The  detectors  subtend  an  instantaheous  field  of  view 
(IFOV)  of  79  meters  and  their  outputs  are  digitized  and  transmitted  to 
ground  or  temporarily  stored  for  later  transmission.  The  sensor  provides 
data  of  excellent  quality  and  dynamic  range,  but  the  data  contains  geometric 
errors  due  to  spacecraft  roll,  pitch,  yaw,  and  altitude  deviations  as  well 
^ as  other  effects  such  as  earth  rotation  and  curvature.  It  is  frequently 

desired  that  the  data  be  transformed  to  a desired  map  projection  (e.g. , Univer- 
sal  Transverse  Mercator)  [1,4]. 

I* 

In  addition,  the  sensor  detectors  each  have  their  own  response  character- 
istica  (bias  and  gain)  and  if  left  uncorrected  will  cause  ^banding”  or 
^ ’*strlplng'*  of  the  resultant  image.  Table  1 identifies  the  significant 
^ ^ geometric  and  radiometric  sensor  corrections  that  must  be  considered. 

Return  Beam  Vidicon.  The  Return  Beam  Vidicon  (RBV)  is  a three  camera 
system  (see  Fig.  2)  using  conventional  lenses  and  shutters,  and  vldicons 
for  image  storage  and  scanning  [l].  The  cameras  are  sensitive  to  scene 
radiance  energy  in  the  spectral  range  of  0.48  to  0.83  micrometers.  The 
RBV  sensors  also  have  internal  and  external  geometric  and  radiometric 
errors  which  are  summarized  in  Table  2. 

CONVENTIONAl  ELECTRO-OPTICAL  IMAGE  PROCESSING 

Conventionally,  electro-optical  Image  processing  has  been  used  to  correct 
the  geometry  and  radiometry  of  the  sensor  data  aiid  to  antiotate  the  data  with 
mission  information  and  latitude/ longitude  tic  marks. 

Figure  3 summarizes  the  NASA  Data  Processing  Facility  (NDPF)  Image  Processing 
System.  The  System  Correction  (Bulk  Processing)  subsystem  provides  partial 
geometric  correction  to  all  film  data,  and  provides  the  capability  for  high 
density  digital  tape  (HDDT)  generation  from  which  computer  compatible  tapes 
(CCT)  are  generated  in  the  Special  Processing  subsystem.  However,  the  bulk 
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CCT’s  have  no  geometric  corrections  applied.  The  Scene  Correction  (Precision 
Processing)  subsystem  scans  the  bulk  70rnm  films  and  generates  film  and  CCT 
products  with  high  geometric  accuracy.  However,  due  to  the  conversion  from 
digital  to  film  to  analog  and  then  to  film  and  digital  form,  some  radio- 
metric  (intensity)  loss  occurs.  The  bulk  processing  provides  excellent 
radiometry  and  resolution,  and  the  precision  processing,  excellent  geometry. 

It»  would  be  desirable  to  generate  film  and  tape  products  that  provide  the 
best  radiometry  and  geometry.  This  can  be  achieved  with  digital  image 
processing  techniques. 

DIGITAL  IMAGE  PROCESSING  CONCEPTS 

Digital  Image  Processing  Approach.  The  MSS  and  RBV  data  can  be  geometrically 
and  radlometrically  corrected  digitally,  using  the  NDPF  CCT  data.  Figure  4 
shows  the  processing  steps  involved  in  digital  image  correction,  and  the 
recording  of  CCT  and  film  products.  It  is  noted  that  the  sensor  data  does 
not  go  through  any  unnecessary  conversions  in  the  correction  process,  and 
the  film  product  is  a second  generation  black  and  white  or  color  print  or 
transparency.  However,  in  order  to  geometrically  correct  the  sensor  data, 
the  internal  and  external  errors  must  be  determined.  The  internal  errors 
are  due  to  sensor  effects  such  as  non-linear  mirror  scan  profile,  and  can 
be  precisely  determined  from  pre-launch  calibration  measurements.  The 
external  errors  are  due  to  sensor  platform  and  scene  characteristics  (attitude, 
altitude,  etc.),  are  variable  in  nature,  and  must  be  determined  from  ground 
control  data  or  precise  attitude/altitude  measurements.  Once  this  information 
is  known,  a mapping  function  can  be  developed  which  allows  a geometric 
correction  of  the  sensor  data  to  be  made  (see  Figure  5). 


Internal  Geometry  Determination.  The  MSS  sensor  internal  geometry  distortion 
is  due  primarily  to  mirror  scan  non-linearity  and  is  determined  from 
pre-launch  measurements.  It  is  noted  that  cross-track  distortion  is  induced 
into  the  scene  data  due  to  this  effect  and  can  cause  as  much  as  a seven 
picture  element  (pixel)  error  if  left  uncorrected. 

The  RBV  sensors  have  a reseau  pattern  in  the  faceplate  of  each  camera  [l,4]. 
Prelaunch  calibration  determines  the  reseau  positions  precisely.  Postlaunch 
location  of  the  reseau  marks  in  the  images  provide  precise  information  for 
determining  the  internal  distortion  of  the  RBV.  Ati  algorithm  has  been 
developed  to  automatically  locate  the  reseau  marks  and  precisely  locate 

them  [4,5]. 

External  Geometry  Determination.  The  external  geometry  can  be  determined 
from  either  precise  attitude  n^asurements , or  by  the  use  of  scene  information. 
The  attitude  variation  of  the  ERTS  spacecraft  is  about  0.7°  in  each  axis, 
and  the  attitude  measurement  error  is  about  0.07°  in  roll  and  pitch  and 
about  0.6  in  yaw  [l].  The  attitude  uncertainty  is  not  sufficiently  accurate 
for  precise  external  geometry  determination  and  correction.  Ground  control 
points  (GCP)  can  be  used  to  provide  accurate  external  geometry  information 
(see  Figure  6). 
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input  Data 


Output  Data 


Figure  3.  NASA  Data  Processing  Facility  Image  Processing  Subsystem 
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Figure  4.  Digital  image  Processing  Flow  and  Output  Products 
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Figure  5.  Mapping  Function 

Generation  Summary  Figure  6,  Ground  Control  Points 


A GCP  is  a detectable  natural  or  cultural  feature  in  the  scene  whose  location 
and  elevation  are  precisely  known.  Locating  and  measuring  the  positions  of 
a sufficient  number  of  GCP*s  in  the  scene  provides  a measure  of  the  external 
geometry.  Computationally  efficient  techniques  have  been  developed  to  locate 
GCP Is  in  digital  data  arrays.  These  techniques  are  called  Sequential  Simi- 
larity I^tection  Algorithms  (SSDA)  [4,6].  Their  principal  of  operation 
basically  involves  differencing  a random  and  intensity  normalized  sample 
of  conjugate  points  in  the  GCP  and  search  areas,  and  summing  the  differences. 
When  the  sum  exceeds  a selected  threshold  value,  the  subimages  are  considered 
to  be  dissimilar,  the  GCP  area  is  displaced  relative  to  the  search  area,  and 
another  comparison  is  made.  This  is  continued  until  a minimum  sum  function 
is  found.  The  minimum  sum  function  corresponds  to  the  GCP  X,  Y coordinates 
of  a "best"  match  between  the  GCP  and  search  sublraage  area.  Hie  advantage 
of  this  technique  relative  to  conventional  correlation  or  the  Fast  Fourier 
Transform  (FFT)  is  that  few  computations  are  performed  when  no  similarity 
exists,  resulting  in  a decrease  of  registration  times  of  about  two  orders 
of  magnitude.  About  nine  GCP*s  are  necessary  to  determine  MSS  sensor  external 
geometry . 

Geometric  Correction  Concepts.  The  image  spaces  and  transformations  used 
in  the  geon^tric  correction  of  MSS  data  are  shown  in  Figure  7.  The  input  image 
is  an  array  of  digital  data  which  represents  a geometrically  distorted 
one-dimensional  perspective  projection  of  some  portion  of  the  earth’s  surface. 
The  output  image  is  a geometrically  correct  UTM  projection  of  the  same  ground 
area. 
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GCPVs  are  located  in  the  input  image  and  are  mapped  into  the  tangent  plane 
using  nK)dels  based  on  all  those  errors  which  can  be  predicted  or  determined 
from  tracking  data.  The  nominal  GCP  locations  are  mapped  from  the  U1M  space 
to  the  tangent  plane  through  the  equations  that  relate  points  in  UTM  or  tangent 
plane  space  to  points  on  the  earth’s  surface.  The  nominal  and  observed  GCP 
locations  ±p.  the  tangent  plane  are  then  used  to  evaluate  the  coefficients 
of  the  attitude  and  altitude  models. 

A network  of  anchor  points  spanning  the  output  image  is  then  mapped  into  the 
tangent  plane  and  from  there  (using  all  the  error  models)  into  the  input 
image.  Two  bivariate  polynomials  are  fit  to  the  two  sets  of  anchor  point 
locations  to  provide  a composite,  global  mapping  from  output  image  to  input 
image. 

Typically,  for  the  ERTS  WS  geometric  correction  application,  polynomials 
of  degree  3 to  5 have  been  used.  The  fifth  degree  polynomial  has  the  form 


(1) 

(2) 


Rather  than  apply  the  mapping  polynomials  to  all  points  of  the  output  image, 
an  interpolation  grid  is  established  on  the  output  image.  This  grid  is 
constructed  such  that,  if  the  four  corner  points  of  any  grid  mesh  are  mapped 
with  the  mapping  polynomials,  all  points  interior  to  the  mesh  can  be  located 
in  the  input  image  with  sufficient  accuracy  by  bilinear  interpolation  on 
the  corner  points.  An  output  to  input  mapping  operation  can  be  Implemented 
as  shown  in  Figure  8. 

Once  an  individual  output  image  point  has  been  located  in  the  input  image, 
an  intensity  data  value  for  each  point  must  be  derived  from  the  input 
intensity.  A method  currently  being  implemented  is  nearest  neighbor  assign- 
ment; i.e.,  the  value  of  the  closest  data  point  is  assigned.  Bilinear 
interpolation  or  a higher  order  intensity  computation  can  be  performed 
based  upon  neighborhood  values  to  generate  a new  data  value,  but  will  be 
more  expensive  computationally. 

Radiometric  Correction  Concepts.  The  MSS  has  a total  of  24  detectors,  six 
for  each  band.  Each  detector  output  is  digitized  and  quantized  into  128 
steps  for  Bands  4,  5,  and  6 and  64  steps  for  Band  7.  If  the  relationship 
between  the  correct  value  and  the  received  value  is  known,  a radiometric 
or  intensity  correction  can  be  accomplished  by  a simple  table  look-up 
operation.  A typical  radiometric  correction  table  is  shown  in  Table  3. 
Detector  #1  response  indicates  no  error,  while  Detector  #2  shows  a bias  error 
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Figure  7#  MSS  Image  Spaces  an  Transformations 


Input  Image  Output  Image 

Figure  8.  Output  to  Input  Mapping  Concept 


Figure  9,  RBV  Radiometric  Correction  Zones 
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compensation  and  Detector  #24  a gain  error  compensation.  The  Received  Input 
Counts  are  used  as  an  address  or  pointer  to  the  correct  value  in  the  table, 
and  the  table  value  is  then  used  to  replace  the  detector  output. 


Table  3 

Typical  FKS  Detector  Response  Correction  Table 
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The  RBV  sensor  data  has  significant  shading  error.  This  spatially  variable 
intensity  error  can  be  determined  from  prelaunch  calibration  data  by 
imaging  a uniform  radiance  target.  The  image  can  then  be  subdivided  into 
spatial  zones,  each  having  its  own  intensity  correction  table,  such  that 
the  true,  spatially-varying  correction  function  is  reproduced  x^lth  an  error 
of  no  more  than  one  count  (see  Figure  9). 

IMPLEMENTATION  OF  ALGORITHMS 

The  concepts  discussed  in  Section  4 have  been  reduced  to  practice  and 
individual  program  modules  developed.  Figure  10  is  a simplified  math/logic 
flow  showing  the  major  program  modules  and  how  they  would  be  linked  in  an 
operational  system. 

ERTS  MSS  Control  Program.  The  control  program  reads  user  requests  and  input 
CCT  ID  records.  It  reads  into  main  storage  from  disk  digital  images  of  those 
GCP*s  which  are  contained  in  the  scene  and  builds  a GCP  search  area  definition 
table  for  later  use  by  the  reformat  program.  It  then  controls  processing  and 
generates  a summary  report  when  scene  processing  is  complete. 

Reformat  and  Radiometric  Correction.  The  reformat  program  reads  the  input 
CCT’s,  de-multiplexes  the  band  data,  combines  the  46km  (25  nautical  mile) 
data  from  each  of  four  tapes,  and  radiometrlcally  corrects  the  sensor  data 
to  produce  internally  formatted  image  data  on  disk  files.  Concurrently  it 


1917 


1918 


Supporting 

Data 


Functional  Flow 


3145-J2  Central  Processing  Unit 

( 1 Megabyte  Main  Storage) 

Selector 

Selector 

Byte  Multiplexer 

3210-1 

Channel  1 

Charinel  2 

Channel 

Adapter 

integrated 

Storage 

Control 


f 2501-B1 
1 Card  Reader 

1443-Nl  j 

Printer  j 

. ^ — 

3333-1 

Disk  Storage  and  Control 
2 Packs 

1 00  Megabytes  Each 


Fi gure  1 1 . 370 / 145  Con  f i gur a tion 


CPU 

I/O 


Operator 

Action 


Tape 

Rewinds 


Time 

(minutes) 


Control 

Program 


Reformat  and  SSOA 


Map 


Point  Shift  First  2 Bands 


Point  Shift  Second  2 Bands 


1 

1 

j , Read  Tape  and  Write  Disk  , Bead  Disk  and  Write  Tape 

. Read  Disk  and  Write  Tape 

1 * 

1 

Mount  5 1 Mount  2 

Replace  1 

Inputs  1 Outputs 

Output 

t 

1 

h-H 

1 

1 

4 

1 

Inputs  BIAT 

1 Output 

1 

1 

1 

I 

1— » 

Replace  i 
Output 


1 Output 


6 7 8 


9 10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32 
-J t— I l_l 1 L_l J J I f-  I — t -»  1 1 i t • » » r 


Figure  12.  MSS  Precision  Processing  Timeline  for  the  IBM 
System/ 370  Model  145 


1919 


builds  GCP  search  areas  by  moving  subimage  areas  in  specific  bands  as 
designated  by  the  input  search  area  definition  table  to  an  area  in  main 
storage  for  later  use  by  the  SSDA  program. 

SSDA  Detection.  The  SSDA  detection  program  accesses  the  GGP  search  areas 
and  the  GCP  digital  images  using  pointers  contained  in  the  common  area*  It 
applies  the  SSDA  and  stores  registration  results  in  a list  in  main  storage 
for  use  by  the  map  program. 

Map,  The  map  program  confutes  the  mapping  function  required  to  geometrically 
correct  the  image*  It  also  computes  grid  point  coordinates  for  the  inter- 
polation grid  and  maps  these  points  into  the  input  image.  Finally  it  computes 
geographic  **tlclc  mark**  locations  on  the  image  for  later  use  by  the  geometric 
correction  program* 

Geometric  Correction*  The  geometric  correction  program  reads  image  data 
from  disk  (two  bands  at  a time)  and  accesses  parameters  (stored  by  the  SSDA 
and  map  programs)  in  main  storage  via  pointers  in  the  common  area*  It  then 
builds  output  lines  by  Interpolating  between  mapped  grid  points  to  find  the 
location  of  the  output  image  pixels  in  the  input  image  grid  network  and 
assigning  the  nearest  neighbor  or  digitally  filtered  intensity  value  to  each 
output  pixel.  It  adds  mission,  geographic  coordinate,  scale,  and  calibration 
annotation  to  the  images  and  writes  the  image  and  annotation  data  onto  tape. 

COMPUTER  CONFIGURATIONS  AND  ANALYSIS 

Several  general  purpose  computer  configurations  and  a special  purpose 
computer  configuration  were  developed  to  implement  the  image  processing 
algorithms*  The  design  concept  was  to  overlap  the  CPU  time  and  I/O  time 
to  the  maximum  extent  to  minimize  total  elapsed  time.  The  general  purpose 
computers  studied  were  the  IBM  370/145,  158,  and  168,  and  the  special 
purpose  computer  a Microprogrammed  Signal  Processor  (MSP)* 

IBM  370/145  Configuration  and  Timeline.  The  IBM  370/145  is  a medium  size 
general  purpose  computer.  The  configuration  required  to  process  MSS  data 
in  a production  environment  is  shown  in  Figure  11.  This  configuration  uses 
a one  megabyte  CPU  memory  and  two  packs  of  disk  n^mory  (200M  Byte)  * The 
sensor  data  I/O  is  tape* 

The  timeline  for  this  configuration  is  shown  in  Figure  12.  This  timeline 
shows  CPU  and  I/O  fully  overlapped  and  elapsed  scene  processing  time  of 
about  29  minutes  after  tape  mounting* 

Special  Purpose  Computer  Configuration  and  Timeline.  Figure  13  shows  a 
digital  hybrid  image  processing  configuration.  The  general  purpose  computer 
performs  the  support  processing  functions  such  as  reformatting  the  data, 
locating  the  GCP's,  and  computing  the  mapping  functipn.  The  special 
purpose  processor  Implements  the  geometric  and  radiometric  corrections* 

The  special  purpose  processor,  a Mcroprogrammed  Signal  Processor  (MSP) 
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Figure  13.  Special  Purpose  Computer  Configuration 


CPU 

I/O  (HOOT  DISK) 
I/O  (DiSK-MSP) 
MSP 

I/O  (MSP-HDDT 


Seareh/SSDA 


Map 

, Function  . Map  T able  , 

I " ^ I ^ ' 1 


H 


1 2 3 4 5 

Processing  Timeline  for  370/145  and  MSP  Configuration 


time  (min) 


Figure  14.  Timeline  for  Special  Purpose  Coa4>uter  Configuration 


1921 


uses  a microprograimned  control  storage  and  is  able  to  Inmlement  both  the 
geometric  correction  and  radiometric  corrections  in  less  than  one  Msec  per 
pixel.  The  timeline  for  this  configuration  is  shown  in  Figure  14  and  shows 
that  an  ERTS  MSS  scene  can  be  processed  in  about  4.5  minutes. 

Summary  of  Configuration  Analyses*  Similar  configurations  were  developed 
for  the  Other  machines,  and  the  processing  times  are  summarized  in  Table  4. 

It  is  noted  that  the  370/145  processing  time  is  comparable  to  the  NASA 
Data  Processing  Facility  (NDPF)  electro-optical  precision  processor.  It  should 
be  further  noted  that  the  general  purpose  processing  times  are  conservative 
and  based  upon  outputting  the  sensor  data  with  a 1:1  aspect  ratio  and  at  a 
particular  scale  to  be  compatible  with  an  available  drum  recorder.  These 
times  may  be  reduced  by  up  to  a factor  of  two  by  the  use  of  a different  aspect 
ratio  and  the  original  input  data  array,  as  is  possible  with  an  electron 
beam  or  laser  beam  film  recorder. 

GEOMETRIC  ACCURACY 

A mapping  accuracy  analysis  of  the  digitally  processed  image  data  was 
performed  on  both  CCT  data  and  on  film  data.  The  results  are  summarized  in 
Table  5.  It  is  significant  to  note  that  images  with  a geometric  accuracy 
of  about  a picture  element  can  be  recorded  on  CCT  allowing  accurate  temporal 
change  detection  and  multispectral  classification  to  be  performed.  Further, 
maps  meeting  the  National  Map  Accuracy  Standard  of  1:125,000  to  1:250,000 
scale  can  be  produced  from  the  digital  data.  Film  data  with  a geometric 
accuracy  of  1-2  picture  elements  can  be  produced  allowing  the  recorded  ERTS 
image  data  to  be  combined  or  compared  with  1:250,000  to  1:500,000  carto- 
graphic or  land  use  maps. 

GROUND  CONTROL  POINT  DETECTION  AND  LOCATION 

A number  of  scenes  were  processed  to  determine  the  accuracy  and  reliability 
of  the  SSDA  algorithm  for  GCP  detection  and  location.  GCP  and  search 
areas  with  a temporal  separation  of  up  to  180  days  were  used  in  this 
investigation.  Table  6 is  a summary  of  the  preliminary  results.  It  is 
noted  that  by  proper  selection  of  bands,  good  probability  of  detection  and 
fast  processing  times  can  be  achieved.  However,  temporal  separations  of 
greater  than  90  days  for  some  GCP  types  may  not  be  desirable.  Although 
the  results  obtained  to  date  are  very  encouraging,  further  investigation 
in  this  area  is  required. 

PROCESSED  IMAGES 

Figures  15  and  16  are  MSS  images  of  the  Washington,  D.C. /Chesapeake  area 
that  have  been  digitally  processed  and  recorded  on  film.  Figure  16  is  a 
color  composite  made  from  bands  4,  5,  and  7.  These  images  demonstrate 
the  excellent  quality  and  resolution  that  can  be  obtained  from  digital  image 
process ing  techniques • 
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Table  4 

Image  Processing  Times  and  Scene  Throughput 


NDPF  370/145 

370/145  370/158  370/168  Free  Proc  & MSP 


Processing  Times  (min) 

29 

9.0 

3.2 

30-40 

4.5 

Scene  Throughput/16  hours 

33 

107 

300 

28 

213 

Scenes /Month 

990 

3210 

9000 

840 

6400 

Note:  1 MSS  Scene  - 4 Spectral  Bands 

Table  5 

3 

Digital  Processing  Geometric  Accuracy  - ERTS  Data 


RMS  Vector 

Max  Error 

National  Map 

Error- Absolute 

of  90%  of  GCP’s 

Accuracy  Standard 

1 

(Meters) 

(Meters) 

Digital  Data 
(39  GCP's) 

60.6 

103 

l:125K-i:250K 

2 

Film  Data 
(21  GCP’s) 

135 

175 

1:250K-1:500K 

Notes: 

1 Measured  Using  Computer  Shade  Prints  from  Corrected  CCT*s 

2 Measured  by  USGS  from  Film  Data  Recorded  from  CCT*s,  Nov.  1973 

3 Scene  Processed,  Chesapeake  - 23  Sept  1972,  E-1062-15190 


Table  6 Initial  SSDA  Results 


Band  4 

Band  5 

Band  6 

Band  7 ] 

No. 

Average 

No. 

Average 

No. 

Average 

No. 

Average 

Temporal 

Target 

Found/ 

Time 

found/ 

Time 

Found/ 

Time 

Found/ 

Time 

Separation/ 

Type 

Tried 

(Sec) 

Tried 

(Sec) 

Tried 

(Sec) 

Tried 

(Sec) 

Location 

Large  Land  Water  Interfaces 

5/5 

46 

5/5 

29 

5/5 

4 

5/5 

15 

1 7 Days 

Interstate- -Grade  Highways 

1/1 

51 

1/1 

47 

1/1 

40 

1/1 

45 

Chesapeake 

Airports 

2/2 

12 

2/2 

4 

2/2 

8 

2/2 

22 

Search;  £-1062-15190 
Window:  E-1079-15140 

Large  Land --Water  Interfaces 

4/8 

50 

7/21 

27 

15/21 

5 

17/21 

14 

18  Days 

Airports 

0/0 

1/2 

9 

2/2 

11 

2/2 

27 

Chesapeake 

Small  Land  “Water  Interfaces 

1/1 

49 

1/1 

30 

1/1 

8 

1/1 

29 

Search;  E-1080-1S192 

Non -Interstate  Highways 

0/Q 

16/16 

9 

15/16 

27 

14/16 

50 

Window;  E-1062-15190 

Large  Land --Water  Interfaces 

4/6 

4 

6/6 

3 

5/6 

3 

5/6 

7 

36  Days 

Interstate— Grade  Highways 

2/8 

5 

6/8 

12 

6/8 

37 

6/8 

20 

Phoenix 

Airports 

0/2 

0/2 

- 

1/2 

48 

1/2 

7 

Search;  E- 1049-1 7324 

Small  Land- -Water  Interfaces 

2/3 

12 

3/3 

12 

3/3 

49 

3/3 

6 

Window:  E-1Q85-17334 

Hills 

1/2 

6 

2/2 

6 

t/2 

5 

2/2 

52 

Fields 

1/1 

4 

1/1 

3 

0/1 

0/1 

' 

Large  Land- -Water  Interfaces 

1/2 

5 

2/2 

4 

2/2 

3 

2/2 

6 

72  Days 
Phoenix 

Search:  E-1049-1 7324 
Window;  E-1 121 -17330 

Large  Land— Water  Interfaces 

2/4 

.3 

1/4 

2 

2/4 

2 

4/4 

7 

90  Days 

Interstate- -Grade  Highways 

4/8 

39  ! 

4/8 

7 

2/8  1 

3 

4/8 

60 

Phoenix 

Airports 

2/2 

^9  \ 

2/2 

8 

1/2 

6 

2/2 

71 

Search:  E-1121-17333 

Small  Land-Water  Interfaces 

2/2 

64 

2/2 

8 

1/2 

3 

2/2 

62 

Window:  E-1 031 -17325 

Hills 

2/2 

52  , 

2/2 

16 

0/2 

2/2 

63 

Fields 

0/1 

1 

0/1 

- 

0/1  ! 

- 

0/1 

- 

Large  Land-Water  Interfaces 

3/4 

5 

4/4 

3 

2/4 

2 

4/4 

5 

180  Days 

Interstate- -Grade  Highways 

3/5 

11 

3/5 

4 

0/5 

2/5 

54 

Phoenix 

Airports 

0/2  1 

0/2 

0/2 

2/2 

61 

Search:  E-121 1-17334 

Small  Land— Water  Interfaces 

1/2 

63 

1/2 

9 

0/2 

1/2 

59 

Window;  E-103M7325 

Hills 

2/2 

50 

2/2 

15 

1/2 

8 

2/2 

59 

fields 

0/1 

0/1 

" 

0/1 

0/1 

Note:  Times  are  for  1^0/65  FORTRAN  Program. 
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(Digitally  Processed  ERTS  Images) 
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Figure  17  shows  an  RBV  image  before  and  after  digital  shading  compensation 
has  been  implemented.  It  is  noted  that  near  perfect  shading  compensation 
has  been  implemented  and  regions  that  were  almost  completely  lacking  infor- 
mation due  to  shading  have  been  recovered. 

The  MSS  raw  (bulk)  CCT  data  will  show  discontinuities  as  can  be  seen  from 
Figure  18a»  These  discontinuities  are  due  to  detector  sampling  delays  and 
other  effects  causing  a spatial  data  shift  which  is  manifested  as  a sawtooth* 
like  structure  in  linear  scene  features*  An  experiment  was  conducted  to  re- 
sample the  raw  data  with  the  objective  of  removing  this  error*  Two  digital 
filters  were  used*  A linear  intensity  assignment  filter  and  a sin  x/x  approx- 
imation* The  results  of  these  resampling  operations  are  shown  in  Figures  18b 
and  18c*  It  is  noted  that  both  filters  will  remove  the  discontinuities » and 
the  results  are  nearly  Identical*  More  experimentation  is  necessary  to  fully 
evaluate  the  need  for  and  type  of  MSS  resampling  required* 


a*  Original  Image  with 
Detector  Sampling 
Delay  Effects 


b*  Linear  Resamplingto 
Eliminate  Detector 
Sampling  Relay 


c*  Sinx/x  Resampling  to 
Eliminate  Detector 
Sampling  Delay 


72  Chesapeake  Image) 


Figure  18*  Results  of  Resampling  Experiments 

(Patuxent  Naval  Air  Station,  October 
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CONCLUSIONS 


The  following  conclusions  can  be  made,  based  upon  the  work  perfotmed  to 
date: 

Geometric  Accuracy,  A corrected  ^©S  scene  can  be  generated  vlth  a one  to 
two  picture  element  mapping  accuracy  using  a bivariate  mapping  polynomial 
and  nine  ground  control  points* 

Radiometric  Accuracy*  No  sensor  radiometric  degradation  is  introduced  with 
digital  processing*  High  quality  first  generation  film  products  and  second 
generation  print  products  can  be  obtained.  Computer  compatible  tape  data  with 
full  sensor  dynamic  range  can  be  generated  with  no  loss  of  radiometry  or 
resolution. 

Processing  Times  > Medium  size  general  purpose  computers  can  be  i^ed  to 
production  process  ERTS  data.  Scene  processing  times  (4  bands)  in  the 
range  of  29  minutes  to  3.2  minutes  can  be  obtained  with  computers  in  the 
class  of  IBM  370/145  to  370/168.  Special  purpose  hardware  may  be  a cost 
effective  alternative. 

Processing  Automation.  Digital  image  processing  automates,  to  a large 
extent,  the  processing  of  ERTS  type  data*  Multiple  film  generation  stages, 
with  their  attendant  manual  operations  and  quality  control  inspections, 
are  eliminated. 
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SPECTRAL  AND  TEXTURAL  PROCESSING  OF  ERTS  IMAGERY 

R.  M.  Haralidc  and  R Bosley,  The  University  of  Kansas  Center  for  Research,  inc.,  Lawrence,  Kansas  66044 


ABSTRACT 

A procedure  Is  developed  to  simultaneously  extract  textural  features  from 
all  bonds  of  ERTS  multi-spectral  scanner  imagery  for  automatic  analysis.  Multi- 
images lead  to  excessively  large  grey  tone  N-tuple  co-occurrence  matrices; 
therefore,  neighboring  grey  tone  N-tuple  differences  are  measured  and  an  ellipsoidally 
symmetric  functional  form  is  assumed  for  the  Co-occurrence  distribution  of  multi- 
image  greytone  N-tuple  differences.  On  the  basis  of  past  data  the  eliipsoidally 
symmetric  approximation  is  shown  to  be  reasonable.  Initial  evaluation  of  the  procedure 
is  encouraging. 

I.  INTRODUCTION 


A procedure  is  being  developed  to  extract  textural  features  for  automatic 
analysis  of  ERTS  multi-spectral  scanner  imagery.  Previous  work  (Haralick,  1973; 
Haralick,  1972)  indicates  that  useful  textural  features  can  be  computed  from 
co-occurrence  matrices  for  grey  tones  in  specific  spatial  relationships  on  an  image. 
The  performance  of  the  land  use  classification  algorithm  using  these  textural  features 
from  only  one  band  is  encouraging;  up  to  75  per  cent  of  the  images  were  correctly 
classified  (Haralick,  1973).  Since  texture  features  and  spectral  features  of  ERTS 
multi-images  provide  different  kinds  of  information,  a significant  increase  in 
identification  accuracy  will  occur  when  both  features  are  used  together. 

Multi"images  lead  to  excessive  amounts  of  storage  for  the  grey  tone  N-tuple 
co-occurrence  matrices.  Therefore,  to  solve  the  storage  problem  we  measure  grey 
tone  N-tuple  differences  imtead  of  grey  tone  N-tuples  and  assume  an  ellipsoidally 
symmetric  function  form  for  the  co-occurrence  distribution  of  multi-image  grey  tone 
N-tuple  differences.  We  expect  that  the  estimated  parameters  of  the  ellipsoidally 
symmetric  distribution  will  lead  to  textural  features  which  will  distinguish  between 
textural  I y distinct  categoHes  on  ERTS  MSS  images  over  Kansas. 
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II.  TEXTURE 
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Texture  end  tone  are  two  fundamental  pattern  elements  used  in  the  interpretation 
of  imoge  data.  The  concept  of  tone  is  concerned  with  the  whiteness,  greyness,  or 
blackness  of  resolution  cells  of  the  image.  The  concept  of  texture  is  concerned  with 
the  spatial  distribution  of  the  grey  tones.  Tone  is  based  upon  the  varying  shades 
of  grey  of  the  resolution  cells  in  the  image,  while  texture  is  based  upon  the  spatial 
distribution  of  grey  tones.  However,  texture  and  tone  are  not  independent  concepts 
but  are  intrinsically  related  to  one  another.  Although  either  property  can  dominate 
the  other  depending  upon  the  image  context,  texture  and  tone  are  always  present. 

When  one  attempts  to  objectively  use  tone  and  texture  pattern  elements,  the 
texture-tone  concept  must  be  explicitly  defined.  This  can  be  visualized  as  follows. 
When  a small  area  patch  of  an  image  has  little  variation  of  features  of  discrete 
grey  tone,  then  that  area  is  dominated  by  tonal  properties.  As  the  number  of 
distinguishable  features  of  discrete  grey  tone  increases  within  the  patch,  then  the 
texture  properties  will  dominate.  The  size  of  the  small  area  patch,  the  relative 
sizes  of  the  discrete  features  and  the  nurhber  of  distinguishable  discrete  features  are 
all  crucial  in  this  distinction.  When  the  size  of  the  small  area  patch  is  reduced  to 
one  resolution  cell,  the  only  property  present  is  tone.  When  there  is  no  spatial 
pattern  in  the  tonal  features  and  the  grey  tone  variation  between  features  is  wide, 
a fine  texture  results.  And  as  the  spatial  pattern  becomes  more  defined  using  more 
and  more  resolution  cells,  then  a coarser  texture  results. 

Texture  can  be  termed  as  being  fine,  coarse,  smooth,  rippled,  moiled, 
irregular,  or  lineated.  Texture  is  a property  of  nearly  all  surfaces,  the  grain  of 
wood,  the  weave  of  fabric,  the  pattern  of  crops  in  a field,  etc.  Although  texture 
is  quite  easy  for  humans  to  recognize  and  describe,  it  is  quite  subjective  by  its 
nature  and  is  extremely  difficult  to  precisely  define  and  analyze  by  digital  computers. 
Since  the  texture  of  images  contains  important  information  for  discrimination  purposesr 
textural  features  could  be  very  useful  . 
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in.  REVIEW  OF  PAST  WORK  ON  TEXTURE 


To  date  there  has  been  ot  least  six  different  approaches  to  the  problems  of 
measuring  and  <?haracterizing  texture  of  images:  autocorrelation  functions,  optical 
transforms,  digital  transforms,  edgeness,  structural  elements,  and  spatial  grey  tone 
co-occurrence  probabilities.  The  first  three  approaches  all  measure  spatial  frequency 
either  directly  or  indirectly.  Spatial  frequency  is  related  to  texture  because  fine 
textures  are  rich  in  high  frequencies  while  coarse  textures  are  rich  in  low  frequencies. 

One  alternative  approach  to  viewing  texture  as  spatial  frequency  distribution 
is  to  view  texture  as  the  amount  of  edgeness  per  unit  area.  Fine  textures  have  a 
high  number  of  edges  per  unit  area  whereas  coarse  textures  have  a small  number  of 
edges  per  unit  area. 

The  structural  element  approach  uses  a matching  procedure  to  detect  the 
spatial  regularity  of  shapes  called  structural  elements  in  a binary  image.  When 
the  structural  elements  themselves  ore  single  resolution  cells,  the  information 
provided  by  this  approach  is  the  autocorrelation  function  of  the  binary  image . By 
using  larger  and  more  complex  shapes,  a more  generalized  autocorrelation  can  be 
computed. 

The  grey  tone  spatial  dependence  approach  characterizes  texture  by  the 
spatial  distribution  of  its  grey  tones.  In  coarse  textures  the  distribution  changes 
only  slightly  with  distance,  but  for  fine  textures  it  changes  rapidly  with  distance. 

Because  of  our  familiarity  with  the  concepts  of  spatial  frequency  and  edgeness, 
these  approaches  to  texture  characterizations  are  readily  employed.  However, 
on  inherent  problem  exists  with  these  approaches  in  regard  to  grey  tone  calibration 
of  the  image  and  they  are  not  invariant  under  even  a linear  grey  tone  translation. 

And  the  price  paid  for  invariance  by  compensating  with  quantization  is  a loss  of 
grey  tone  precision  in  the  quantized  image. 

The  power  of  the  structural  element  approach  is  that  is  emphasizes  the  shape 
aspects  of  the  discrete  tonal  features.  Weakness  of  this  approach  lies  in  that  it 
can  only  do  so  for  binary  images. 

The  power  of  the  spatial  grey  tone  co-occurrence  approach  lies  in  characterizing 
the  spatial  inter-relationships  of  the  grey  tones  in  a texture  pattern  in  such  a way 
that  is  invariant  under  monotonic  grey  tone  transformations.  Weakness  of  the  approach 
lies  in  failure  to  capture  the  shape  aspects  of  the  discrete  tonal  features. 
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IV.  TEXTURAL  FEATURES 


The  above  description  of  texture  Is  on  idealization  of  what  actually  occurs, 
a gross  simplification.  Discrete  tonal  features  are  actually  quite  subjective  in 
that  they  do  not  necessarily  stand  out  as  entities  by  thernselves.  Therefore,  the 
texture  analysis  presented  here  is  concerned  with  more  general  or  macroscopic 
concepts  rather  than  discrete  tonal  features.  The  procedure  developed  by  Haralick 
(Haraliek,  1972)  for  obtaining  the  textural  features  of  an  image  is  based  on  the 
assumption  that  the  texture  information  on  an  Image  I is  contained  in  the  overall 
spatial  relationship  which  the  greytones  in  the  image  I have  to  one  another.  More 
specifically,  we  assume  that  this  texture  information  is  adequately  specified  by 
a set  of  spatial  grey  tone  dependence  matrices,  which  are  computed  for  various 
ongular  relationships  and  distances  between  neighboring  resolution  cell  pairs  on  the 
Image.  All  of  the  textural  features  are  then  derived  from  these  angular  nearest 
neighbor  spatial  grey  tone  dependence  matrices. 

IV.  1 Spatial  Grey  Tone  Dependence  Matrices 

Let  G = {0,  1, ..  .,Ng}  be  the  set  of  possible  grey  tones  that  each  resolution 
cell  can  take  on  after  Image  normalization  by  equal  probability  quantizing  to  Ng 
levels,  it  can  be  shown  that  this  quantization  guarantees  that  images  which 
are  a monotonic  transformation  of  one  another^  such  as  lighter  or  darker  images 
due  to  variations  in  film,  lighting,  or  development,  will  produce  the  same  results. 

Let  Nx  be  the  number  of  resolution  cells  in  the  horizontal  direction  and  Ny  the 
number  of  resolution  cells  in  the  vertical  direction  in  the  image  to  be  analyzed  so 
that  Lx=  {1,  2,...,Nx)  and  Ly  = {1,  2,...,Ny}  are  the  horizontal  and  vertical 
spatial  domains.  Then  Ly  x Lx  will  be  the  set  of  resolution  cells  of  the  image. 

And  the  image  I can  be  represented  as  a function  which  assigns  some  grey  tone  in 
G to  each  resolution  cell  or  pair  of  coordinatesin  Ly  x Lx;  l:Ly  x Lx-*^G. 

Essential  to  our  conceptual  framework  of  texture  ore  four  closely  related 
measures  called  angular  nearest  neighbor  grey  tone  spatial  dependence  matrices. 

The  concept  of  angular  nearest  neighbor  for  a resolution  cell  is  the  adjacent  resolution 
cell  for  a given  angle,  as  shown  in  Figure  1 . 
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90  degrees 


FIGURE  1 . Eight  nearest  neighbor  resolution  cells  of  cell 

Resolution  cells  1 and  5 are  the  O^degree  nearest 
neighbors  to  resolution  cel  l , resolution  cel  ls  2 and 
and  6 are  the  135-degree  nearest  neighbors/  etc. 

Note  that  this  information  is  purely  spatial  / having 
nothing  to  do  with  grey  tone  values. 

We  assume  that  the  texture  information  in  our  image  I is  contained  in 
the  overall  or  “average"  spatial  relationship  which  the  grey  tones  in  Image 
I have  to  one  another.  Specifically/  we  shall  assume  that  this  information  is 
adequately  specified  by  the  matrix  of  relative  frequencies  Pij  with  which  two 
neighboring  resolution  cells  separated  by  distance  d occur  on  the  image/  one 
with  grey  tone  i and  the  other  with  grey  tone  ],  These  matrices  of  spatial  grey 
tone  dependence  frequencies  are  a function  of  the  angular  relationship  between 
the  neighboring  resolution  cells  as  well  as  a function  of  the  distance  between 
them.  Figure  2 illustrates  the  set  of  all  horizontal  neighboring  resolution  cells 
separated  by  distance  1 . This  set  along  with  the  image  grey  tones  would  be 
used  to  calculate  a distance  i horizontal  spatial  grey  tone  dependence  matrix. 

Formally/  for  angles  quantized  to  45°  intervals  the  unnormalized  frequencies 
are  defined  by: 

P(M/d,0°)=  *^[((k,I),Kn))e  (LyXL^)x(LyXyl  k-m=0,  jl-nl=d,  l(kj)=i,  !Kn)-i} 
P(i,j,d,45°)=  ^|(C<J),(m,n))c  (LyXL^)x(LyXy  |(k-m=d,  l>n= -d)  or  (k-m= -d,  l-n=d), 

p(i,{,d,90°)=  *^|((k,l),(m,n))c  (LyXL^)x(LyXL^I  ik-tr(  =d,  l-n=0,  l(k,!)=I,  l(m,nH| 
P(i,j,d,135°)=  "{(C</i)/(m/n))e  (LyXyx(LyXL^)|  (k-m=d,  l-n=d)  or  (k-m= -d,  l-n= -d), 

IO</0=  '/  l(ni,n)=  i} 

Note  that  these  matrices  are  symmetric;  P(i / j;  d/  a)  = P(j/  i;  d,  a).  The 
distance  metric  P implicit  in  the  above  equations  can  be  explicitly  defined  by 
P((k/  I)/  (m,  n))  = max  i!k-m!  / i^nll. 
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Ly=  {\,2,3,4\ 
L^=  11,2,3,4} 


(1,1) 

(1,2) 

(1,3) 

(1,4) 

(2,1) 

(2,2) 

(2,3) 

(2,4) 

(3,1) 

(3,2) 

(3,3) 

(3,4) 

(4,1) 

(4,2) 

(4,3) 

(4,4) 

= |((k,l),(m,n))  e (lyXLj  x(lyXLj |k-m=  0,  |i-nl  = lj 

= {((1,1),  (1,2))  , (d,2),  (1,D)  , (0,2),  (1,3))  , (0,3),  0,2))  , 

(0,3),  0,4)),  (0,4),  0,3)),  ((2,1),  (2,2)),  ((2,2),  (2,1)), 
((2,2),  (2,3)),  (:2,3),  (2,2))  , ((2,3),  (2,4))  , ((2,4),  (2,3)), 

((3,1),  (3,2))  , ((3,2),  (3,1)),  ((3,2),  (3,3))  , ((3,3),  (3,2)), 

((3,3),  (3,4)),  ((3,4),  (3,3)),  ((4.1),  (4,2)),  ((4,2),  (4,1)), 

((4,2),  (4,3)),  ((4,3),  (4,2)),  ((4,3),  (4,4)),  ^4,4),  (4,3))} 


FIGURE  2.  Illustrates  the  set  of  all  Distance  I Horizontal 

Neighboring  Resolution  Cells  on  a 4 x 4 Image. 
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For  an  example  of  the  four  distance  I grey  tone  spatial  dependence  matricies^ 
consider  Figure  3.  Figure  3-a  represents  a 4x4  image  with  four  grey  tones,  ranging 
from  0 to  3 • Figure  3“b  shows  the  general  form  for  any  grey  tone  spatial  dependence 
mairix.  For  example,  the  element  in  the  (2,  l)-st  position  of  the  distance  1 
horizontal  matrix  is  the  total  number  of  times  two  grey  tones  of  value  2 and  1 
occurred  horizontally  adjacent  to  each  other.  To  determine  this  number,  we  count 
the  number  of  pairs  of  resolution  cells  in  such  that  the  first  resolution  cell  of 
the  pair  has  grey  tcxie  2 and  the  second  resolution  cell  of  the  pair  has  grey  tone  1 . 
Figure  3 ^c  through  3-f  shovs^  all  fojr  distance  1 grey  tone  spatial  dependence  matrices. 

IV*2  Textural  Features  for  Multi  "■Images 

Results  of  previous  work  in  texture  using  the  spatial  grey  tone  dependence 
matrices  as  the  basis  from  which  all  textural  features  are  extracted  has  been  very 
encouraging  {Haralick,  1973).  The  computational  aspects  of  the  procedure  are  also 
notable.  The  number  of  operations  required  to  process  an  image  using  the  spatial 
grey  tone  dependence  matrices  is  directly  proportional  to  the  number  of  resolution 
cells,  N,  present  in  an  image.  In  comparison,  the  number  of  operations  needed  to  use 
Fourier  or  Hadamard  transforms  to  extract  texture  information  are  of  the  order  of 
N log  N.  And,  to  compute  the  entries  in  the  spatial  grey  tone  dependence  matrices, 
one  needs  to  keep  only  two  lines  of  image  data  in  core  at  a time,  keeping  storage 
requirements  to  a minimum. 

Even  with  these  advantages,  however,  the  extraction  of  texture  information 
from  multiimages,  as  in  the  case  of  ERTS  MSS  data,  forces  a new  approach  to  the 
measurement  of  grey  tone  N^tuple  co-occurrences.  The  use  of  the  spatial  dependence 
matrices  requires  that  they  be  stored  in  the  computer.  For  multi-images  containing 
grey  tone  N-tuples,  we  have  many  more  possible  combinations  of  neighboring 
N-tupjes  to  count  and  as  a result,  the  dependence  matrices  will  be  very  large.  For 
example,  for  four  MSS  bands  in  which  each  grey  tone  can  range  through  64  levels, 
each  matrix  would  have  64^x64^  elements.  Even  using  the  symmetry  of  the  matrices 
to  reduce  the  number  of  entries  does  not  help  since  there  would  be  on  the  order  of 
10^^  entries. 

The  spatial"^^dependence  matrices,  however,  provide  q way  of  escape.  In 
using  these  matrices,  it  was  observed  that  they  are  heavily  weighted  along  the 
diagonal  with  decreasing  entries  farther  from  the  diagonal.  Figure  4 gives  an 
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FIGURE  3-e 
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example  of  these  matrices.  Note  that  in  each  case  the  number  of  entries  decreases 
as  we  move  away  from  the  diagonal , This  suggests  that  neighboring  resclution 
cells  ore  similar.  Choosing  any  resolution  cell  in  an  image  at  random,  we  are 
very  likely  to  find  nearly  identical  neighbors  to  the  cell  in  all  directioni  and  less 
likely  to  find  dissimilar  neighbors.  Clearly,  a measure  which  indicates  how  similar 
the  neighboring  N~tuples  are  and  how  fast  ^e  similarity  drops  Off  with  distance 
must  contain  textural  information  about  the  object  imaged. 

It  is  therefore  reasonable  to  measure  the  difference  between  neighboring 
grey  tone  N “tuples  and  observe  this  distribution  instead  of  computing  the 
number  of  times  each  N“tuple  neighbors  every  other  N“tuple.  In  both  cases  we 
measure  the  co-occurrence  of  nearest  neighbor  grey  tone  N"tuples. 

Since  the  textural  features  are  based  On  the  spatial  dependence  of  grey  tone 
N“tuples,  our  first  step  must  be  to  define  a binai^  relation  between  neighboring 
resolution  cells  on  which  the  co-occurrence  of  grey  tones  N “tuples  can  be  counted. 
As  above,  let  Lx  = {1,2,..., Nx } and  Ly  = {1 , 2, . , Nyl  be  the  set  of  column 
ond  row  indexes,  respectively,  so  that  Ly  x Lx  is  the  set  of  resolution  cells  in 
the  image.  Let  G ==  (0,  1, ..  .,Ng}  be  the  set  of  possible  grey  tones  that  each 
component  of  every  grey  tone  N “tuple  can  be  assigned,  then,  the  image  I can 
be  defined  by  l;Ly  x Lx  -*■  GxGx. . .xG. 

Let  R be  the  set  of  all  pairs  of  resolution  cells  in  a specified  spatial  relation. 
Then  R is  a binary  relation  on  the  Set  Ly  x Lx;  RC(Ly  x Lx)  x (Ly  x Lx).  For  example, 
the  set  of  al  l distance  1 horizontally  neighboring  pairs  of  neighboring  resolution 
cells  would  be  defined  by: 

R - ||k,  1),  (m,  n))  e (Ly  xLx)  x (Ly  x Lx)  I k“m  =0,  !l“nl=l|  . 


The  co-occurrence  frequency  of  grey  tone  N -tuples  (1^,  and  (j^ , J2, . ..,j|^) 

in  spatial  relation  defined  by  R is 

P (i]/ • • •/ ~ — — — — ~ 


where  ^ denotes  the  number  of  elements  in  the  set. 

Note  that  this  R is  symmetric.  Assume  that  ^(k,  I),  (m,  n))  is  in  R;.  Then 
k“m  =0,  and  ll-nl  =1  from  the  definitions  of  R,  But  ll“n  l =1  when  [n-l ! =1 . 
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And  If  IhHI  =1  and  =0,  then  n),  (k^  l)jis  in  R.  Thus,  R ?s  symmetric • 

In  fact,  by  the  symmetry  of  any  distance  function,  R,  in  general,  must  be  symmetric* 
And  since  R is  symmetric,  P is  also  symmetric  . 


IV.3  Textural'Feature  Extraction  Procedure 


Let  R be  a symmetric  binary  relation  pairing  nearby  neighboring  resolution 
cells.  We  define  die  frequency  of  grey  tone  NH’upie  differences  co-occurring  in 
the  spatial  configuration  defined  by  R as 


# 


P(x, 


{(i/  j)/  (m,  n))eR  | I(i,  J)  -I(m 


1 \ I 


Nofe  that  P is  an  even  function  since 


(('#  j)/  (m/  n))^R  I !('#  n) 


/#R 


= # 
= # 
= # 


((»/  j)r'(m,  n))eR  '1  1(1,  j)  -l(m,  n) 
/(m,  n),  (i,  j))eR 


|((m/  n),  (i,  j)]eR  ll(m,  n)  -I(i,  /^R 


“ P("Xi/  *^2/  • • • / 


Referring  to  the  monotonic  behavior  of  nearly  every  column  in  the  matrices 
of  Figure  4,  and  assuming  that  this  behavior  occurs  on  every  band  of  the  ERTS  multi* 
images,  it  is  reasonable  to  assume  that  the  even  frequency  distribution  P(X|, . . ^ 
of  the  nearby  grey  tone  N -tuple  differences  can  be  adequately  approximated  using 
on  ellipsoidally  symmetric  distribution;  thus  we  may  write 

P (x|,  X2^  / X|^)  — f(x  Ax) 

for  some  monotonically  decreasing  function  f. 
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This  implies  fhat  only  the  function  f and  matrix  A need  to  be  determined.  We 
take  f to  be  one  of  the  two  forms  e ^ Figure  5 is  a scottergram 

of  the  differences  for  the  first  two  bands  of  distance  1 horizontally  neighboring 
resolution  cells  of  a 64x64  sample  image.  Figures  5 and  6 clearly  show  the 
eliipsoidally  symmetric  functional  form  of  the  distribution  of  neighboring  differences. 

In  Appendix  I NnJimensional  spherical  coordinate  systems  and  ei I ipspidaliy 
symmetric  distributions  are  discussed  and  it  is  shown  that  the  matrix  A is  proportional 
to  the  inverse  eovariance  matrix  of  the  N“tuple  differences.  Thus,  we  estimate  A by  a 
matrix  proportional  to  the  inverse  of  the  estimate  for  the  covariance  matrix. 

Therefore,  if  the  image  is  blocked  into  subimages  of  small  area  so  that  each 
subimage  is  essentially  of  one  category,  we  can  expect  the  distribution  of  grey  tone 
N-tuple  differences  over  each  subimage  to  be  a function  only  of  the  assumed  form 
of  the  function  f and  the  covariance  matrix  of  the  difference  vectors  for  grey  tone 
N"tuples  in  a specified  spatial  relationship  within  the  subimage.  This  leads  us 
to  consider  textural  features  for  multi“images  based  upon  the  elements  of  this 
spatial  •spectral  covariance  matrix. 

Consider  each  covariance  matrix  as  a vector.  Consider  the  distribution  of  the 
set  of  covarrqnce  matrices  from  the  blocked  image.  Since  the  entries  of  the  covariance 
matrix  are  the  parameters  of  the  distribution,  we  would  like  to  have  these  entries 
invariant  with  respect  to  scale  changes  on  the  grey  tone  N-tupie  differences.  In 
order  to  do  this,  we  scale  the  grey  tone  N^tuple  differences  so  that  ail  components 
have  variance  1 . The  covariance  matrix  of  these  normalized  differences  is  equivalent 
to  the  correlation  matrix.  Appendix  H shows  that  this  normalization  procedure 
makes  the  covariance  matrix  invariant  with  respect  to  tronslating  and  scaling 
transformations  on  the  grey  tone  N“tup!es.  The  normalized  covariance  matrix  can  be 
considered  as  an  extracted  texture  feature  vector  in  an  N(N"1)/2  dimensional  hyperspace 
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V-  RESULTS  OF  CLASSIFICATION  EXPERIMENTS  ON  ERTS  MULTI-IMAGES 


In  order  to  obtain  an  initial  estimate  of  performance  of  the  rnultHimage 
texture  features  an  experiment  was  performed  on  ERTS  satellite-  imagery  over 
Monterey  Bay,  Cdlifornia,  image  ID  number  1002-18134.  Using  a small  set  of 
64  sampled  32x32  subimages  and  training  On  34  of  these,  80  per  oent  of  the 
remaining  30  test  samples  were  correctly  classified  according  to  four  land-use 
categories:  coastal  forest,  annual  grassland,  uiton  area,  and  water,  as  shown 
in  Table  I.  This  is  encouraging  since  previous  accuracy  using  spatial  dependence 
matrices  on  band  5 over  the  same  general  area  was  only  70.5  per  cent  as  shown 
in  Table  II. 

The  ability  to  obtain  good  ground  truth  and  several  distinct  categories  in 
the  California  data  was  not  the  case  for  on  ERTS  image  over  Finney  County,  Kansas,' 
which  was  used  in  the  final  experiments.  Approximately  a 40  mile  by  60  mile 
section  near  Garden  City,  Kansas,  on  image  (ID  number)  1330-16512  was 
processed  with  initially  four  categories;  grassland,  large  fields,  small  fields, 
and  water.  Both  texture  procedures,  using  spectral  multi-image  features  and  the 
single  band  5 spatial  dependence  matrix,  were  used  on  the  image.  Tables  III  and 
IV  show  the  results  of  classification  for  distance  1 resolution  cel  ls  while  Tobies  V 
and  VI  show  distance  8 results.  In  both  cases  the  single  image  classification  is 
higher.  However,  when  both  distances  1 and  8 are  used  together,  classification 
accuracy  for  both  procedures  is  nearly  identical,  as  shown  in  Tables  VII  and  VIII, 
about  70  per  cent. 

This  implies  that  much  more  information  is  contained  in  the  Kansas  data 
texturally  than  spectrally  . In  hope  of  adding  more  texture  information,  a measure 
of  entropy  relating  to  the  correlation  matrix  was  added  to  the  spectral  features. 

The  effect  of  this  new  feature  upon  classification  accuracy  is  presently  being 
evaluated.  We  are  also  adding  higher  order  components  to  the  grey  tone  N -tuples 
in  an  attempt  to  gain  more  textural  information  from  the  data. 
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VI.  CONCLUSION 


The  procedure  developed  here  for  Hie  extraction  of  textural  information  from 
ERTS  multi-images  gives  encouraging  results.  The  procedute  is  quite  simple  to 
employ  and  is  a natural  evolution  of  the  previous  texture  extraction  technique 
based  upon  angular  nearest  neighbor  grey  tone  dependence  motrices.  It  retains 
the  power  of  the  previous  approach  to  texture  by  characterizing  the  spatial  inter- 
relationships, or  co-occurrences,  of  rtie  grey  tone  N -tuples  present  in  a texture 
pattern  in  multi -images  in  such  a way  as  to  be  Invariant  under  monotonic  grey 
tone  transformations. 
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Kansas  Data  ; 


Image  No.  t 1330-16515  18  Jun  73 
Area  Processed  : AOmi,  by  60mi  (approx.) 

Garden  City.  Kansas 
Spectral-Textural  Subimage  : 

32  points  per  line 
32  LINES 

Textural  Sub  image  : 

64  POINTS  PER  LINE 
64  LINES 
MSS  BAND  5 


California  Data; 

Image  No.  ; 1002-18134  25  Jul  72 
Area  Processed  ; 40  mi  by  100  mi  (approx.) 

Monterey  Bay,  California 
Spectral-Textural  Subimage  ; 

32  POINTS  PER  LINE 
32  LINES 

Textural  Sub image  : 

64  POINTS  PER  LINE 
64  LINES 
MSS  band  5 
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TabTe  I.  Contingency  Table  for  Land  Use  Classification  of 
ERTS-T  Satellite  Imagery  of  Monterey  Bay, 
California  Using  Spectral -Textural  Features. 
Classification  Accuracy  on  Test  Set  =80%. 


FEATURES 


* . 1 
NO.  OF  SAMPLES  IN  NO.  OF  SAMPLES  IN  OVERALL 

TRAINING  SET  TEST  SET  . ACCURACY 

! OF  TEST  SET 


SPECTRAL - 
TEXTURAL 


TEXTURAL 

__1 

Table  II. 


34  1 30  i 80% 


Results  of  Land  Use  Classification  Experiments 
from  Satellite  Imagery  of  Monterey  Bay, 

Cali  forni a . 
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ASSIGilED  CATEGORY 

• .* 


* 

GRASSLAND 

t 

LARGE 

FIELDS 

SMALL 

FIELDS 

WATER 

TOTAL 

J 

GRASSLAilD 

47 

11 

5 

0 

63 

>- 

or 

o 

CJ3 

LARGE 

FIELDS 
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32 

1 

178 

UJ 

1 — 
<c 

SMALL 

FIELDS 

17 

46 

52 

0 

115 

LU 

c::: 

WATER 

0 

1 

6 

1 

8 

1— 

I 

t 

♦ 

• 

t 

TOTAL 

67 

200 

95 

2 

i 

364 

> 

Table  III.  conti 

ngency  Table  for 

Land  Use 

Classification  i 

Satellite  Imagery  over  Kansas  Using  Spectral - 
Textural  Features,  Distance  1,  Four  Categories. 
Classification  Accuracy  on  Test  Set  -67^. 


NO,  OF  SAMPLES  IN 

NO.  OF  SAMPLES  IN 

OVERALL 

FEATURES 

TRAINING  SET 

TEST  SET 

ACCURACY 

OF  TEST  SET 

SPECTRAL- 

TEXTURAL 

548 

354 

67% 

TEXTURAL 

140  ^ 

88 

76% 

Table  IV,  Results  of  Land  Use  Classification  Experiments 
from  Satellite  Imagery  of  Kansas,  Distance  1, 
Four  Categories. 
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ASS1G.1ED  CATEGORY 
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SMALL  1 
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1 WATER 
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Table  V,  contingency  Table 

for  Land  Use  Classification  of 

Sate  11 i te 

Imagery 

over 

Kansas  Using  Spectral- 

Textural 

Features 

, Distance  8, Four 

Categori es . 

Classi fi cati on  Accuracy 

on  Test  Set  =64%. 

FEATURES 

NO.  OF  SAMPLES 

IN  NO.  OF  SAMPLES 

IN 

OVERALL 

TRAINING  SET 

TEST  SET 

ACCURACY 

! OF  TEST  : 

SPECTRAL- 

TEXTURAL 

548 

364 

1 

1 

m 

\ 

TEXTURAL 

140 

88 

1 

76X 



1 

1.  _ 

Table  VI , Results  of  Land  Use  Classification  Experiments 
from  Satellite  Imagery  of  Kansas,  Distance  8, 
Four  Categories. 
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ASSIGilED  CATEGORY 


GRASSLAND 

SMALL 

FIELDS 

WATER 

TOTAL 

GRASSLAND  52 

7 

4 

0 

63 

o 

CD 

UJ 

LARGE 

FIELDS 

2 

m 

31 

0 

178 

<c 

C-> 

SMALL 

FIELDS 

12 

^2 

61 

0 

115 

UJ 

rD 

ct: 

WATER 

0 

1 

6 

1 

1 

8 ’ 

j TOTAL 

i 

* 66 

195 

: 

102 

f 

i 

1 

* 

36A 

Table  VII, 

Conti n gen cy 

Table  for 

Land  Use 

Classification  of 

Satenite  Imagery  over  Kansas  Using  Spectral - 
Textural  Features,  Distances  1 and  8,  Four 
Categories.  Cl assi fi cati on  Accuracy  on  Test  Set 
712. 


FEATURES 


NO.  OF  SAMPLES  IN  NO.  OF  SAMPLES  IN  OVERALL 
TRAINING  SET  TEST  SET  ACCURACY 

OF  TEST  SET 


SPECTRAL- 

TEXTURAL 


5A8 


36A 


71% 


TEQU^AL  mQ  gg  73% 

--  --  1 ■ - - i ..  i 

Table  VIII,  Results  of  Land  Use  Classification  Experiments 
from  Satellite  Imagery  of  Kansas,  using  both 
Distances  1 and  8 of  the  Spectral -Textural 
Features  and  all  17  Textural  Features. 
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ASSIGiCU  CATE6URY 


. 

GRASSLAilD, 

LARGE 

FIELDS 

SMALL 

FIELDS 

WATER 

TOTAL 

>- 

GRASS  LAiiD 

49 

4 

G 

1 

60 

Csi 

o 

CJD 
1 1 1 

LARGE 

FIELDS 

6 

150 

27 

1 

184 

t-- 

SMALL 

FIELDS 

<c 

10 

3A 

67 

2 

113 

UJ 

rD 

rv^ 

WATER 

0 

4 

0 

4 

8 

f— 

* 

• 

• 

• 

1 TOTAL 

; 1 

192 

. 100 

* 

* 

8 

1 

♦ 

3G5 

Table  IX.  Contingency  Table  for  Land  Use  Classification  of 
Satellite  Imagery  over  Kansas  using  Spectral - 
Textural  Features  with  the  Bayss  Cl assifier , 
Distance  1.  Classification  Accuracy  of  Test 
Set  =69%. 


ASSIGNED  CATEGORY 


GRASSLAND 

LARGE 

FIELDS 

SMALL 

FIELDS 

WATER 

TOTAL 

GRASSLAND 

31 

10 

19 

0 

60 

O 

LARGE 

5 

140 

38 

1 

18A 

CD 

UJ 

FIELDS 

SMALL 

12 

A6 

51 

4 

113 

C-> 

FIELDS 

loJ 

ZD 

WATER 

1 

A 

2 

1 

8 

CSC 

h— 

j TOTAL  j 

49  . 

200  . 
i 

110 

. 6 , 

365 

- 

1 

1 1 

TableX.  Conting 

cncy  Table 

for  Land  Use  Glassification  of 

Satellite  Imagery  over  Kansas  using  Spectral 
Textural  Features  with  the  Bayes Classi fier. 
Distance  8.  Classification  Accuracy  of  Test 
Set  =61%. 
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APPENDIX  I 


N-DIMENSIONAL  SPHERICAL  COORDINATE  SYSTEMS 
AND  ELLIPSOI DALLY  SYMMETRIC  DISTRIBLn’IONS 


We  tllusiTQte  the  N-dimensional  spherical  coordinate  system  in  the  calculation 
of  the  volume  of  the  N-dimensional  hypersphere.  Next  we  show  how  suitable  functions 
can  be  used  to  define  el  lipsoidally  symmetric  density  functions  and  we  determine  the 
normalizing  constant  for  any  function.  Finally,  we  show  that  for  any  ellipsoidally 
symmetric  density  f (/x‘  Ax),  the  matrix  A is  proportional  to  the  inverse  covariance 
matrix  of  x and  we  determine  the  constant  of  proportionality. 

I.l  Volume  of  an  N-dimensional  Hypersphere 

Let  V be  the  volume  of  a N-dimensional  hypersphere  of  radius  r^.  By 
definition 

•■//■■■/  dx^  dx2  ...  dX|^ 


To  evaluate  this  N-fold  integral,  we  transform  to  spherical  coordinates. 


« r 

cos 

cos 

p 

^2  ... 

cos 

®N-3 

COS 

®N-2 

cos 

*2 

*=  r 

cos 

cos 

^2  * * * 

cos 

®N-3 

cos 

®N-2 

sin 

^3 

« r 

cos 

cos 

^2  * * * 

cos 

®N-3 

sin 

®.N-2 

“ r cos  cos  ©2  . • • cos  sin 

•' 

X|^=  r sin 

Figur§  7 illustrates  the  geometry  of  the  spherical  coordinate  system  we  use  for  a 
3-dimensional  system. 
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Three-Dimensional  Spherical  Coordinate  System 


r cos  cos  9 2 
r CCS  0^  sin 
r sin  0^ 


Trnnsfornat'ion  betveen  rcctcngtilar 
coordinate  systcn  and  sr^berical 
coordinate  systcn* 


FIGURE  7.  Three-Dimensional  Spherical  Coordinate  System. 

f- 
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The  Jacobian  J of  this  transformation  is  defined  by  the  determinant  J 


3xi 

0X2 

0XN 

3r 

3r 

0r 

3x., 

0x- 

0x  . 

1 

2 

00^ 

3x, 


ae 


9x, 

W 


m N-i 


3x 

ae 


.N 

N-1 


cos  9^  cos  -cos 
-r  sin  cos  Q^^.-cos 
-I  cos  0^  sin  0^...cos 


cos  0^  cos  02...COS  9j^2  •**  ®1 

-r  sin  0^  cos  92***  *^°®  ®M_2  ®N-1  **•  ^ ®X 

-r  cos  0j^  sin  02 ...cos  ^_2  sin  0j^2  •••  0 


~r  cos  0j^  cos  02-..sin 


r cos  cos  02... cos  ^_2  cos  ©jNL^... 


0 


To  find  the  value  of  the  Jacobian,  factor  r out  of  the  last  (N-1)  rows 
and  from  each  column  factor  out  its  first  entry. 
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^ , N-1  N-1 

J “ r cos 


N-  2 „ 

cos  ...  cos 


sin  sin  ^2  •' 


Sin  SK.1 


1 

1 

1 . . 

. 0 

-tan  3^ 

-tan 

— t3.n  • • 

. cot 

-tan  6 2 

-tan  82 

-tan  §2  • • 

. 0 

• 

• 

• • • 

* 

• 

• 

• 

• 

-tan  . . 

. 0 

““  V2 

cot  0J^  2 * • 

. 0 

-“"Vi 

®N-1 

0 . . 

. 0 

Subtracting  column  2 from  column  1,  column  3 from  column  2, 
column  N from  column  N^l  there  results 

0 

0 

p . 

. . . 

0 

^ « 

0 

• 

0 . 
« 

• ♦ ta  n 

« 

• 

• 

CO 

• 

.•  • 

• 

. -tan  0^^,  -cot 

N"J 

V2  Vr 

0 

V3 

• 

• 

-tan  -Cot 

cot 

0 . . 

• • • 0 

1 

cot  8, 


Since  all  entries  in  the  upper  left  triangle  are  zero,  the  value  of  the 
determinant  is  easily  found  as  minus  one  times  the  product  of  entries  on  the  lower 
left  to  upper  right  diagonal. 
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_ N-1  N-1.  N-2, 

J >=  r cos  coi>  t)^ 


N-1 

...cos  9 . sin  a,  sin  6-... sin  0.,  ,(-1)  II  (-tan3  -cotO 

1 2 N i H 


•Notice  that  tan  6 + cot  9 = 


1 


sin  9 cos  9 


. Now  upon  simpl!fyin0  we  obtain 


J * C~X)  - /cos  cos 

I I N-1  N-2  N-3 

and  j Jj  = r cos  6^  cos  •••  cos 

cos  > 0 for  -n/2  _<  6^  £ n/2,  1=1,  2, 

In  spherical  coordinates  the  volume  V of  the  N"dimens1onal  hypersphere 

of  radius  r is  readily  evaluated, 
o 


I 


n/2  n/2 

I 1 


2n 


V2  ®fsi-2  2 ®N-1  ° 


f N-1  N-2.  N-3 

I * cos  cos  02- • icose^,  , drdS, . . .de. 


^N-2 


N-1 


Separating  the  integrations. 


n/2 


I .N-^dr  j 


r-0  e^-  f 


n/2 

c f N 

Since  j cos  9d9 


n/2 


2n 


H-2 

cos  0^  d9^  . 


1 


®fs|-2  I 


de. 


N"l 


e . =0 
N-1 
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1.2  Suitable  functions  for  Ellipsoidolly  Symmetric  Distribution. 

Suppose  f is  o real  function,  defined  on  dompin  R,  a subset  of  10,"  1, 
and  satisfying  f (u)>  0 for  all  u in  R and  y%  ('M)d  is  finite  for  k <1^  We 
show,that  f is  suitable  for  defining  a elHpsoidally  symmetric  density  function  and 
we  determine  the  constant  c so  that  of  x'  Ax)  is  an  elHpsoidally  symmetric  density. 

Let  A be  a NXN  symmetric  positive  definite  matrix  and  X an  NX1  vector. 
Consider  the  ellipsoidaliy  symmetric  function  f (/x‘  Ax).  We  wish  to  determine 
a constant  G such  that  of  (<^x‘  Ax)  is  a density  function. 


It  is  clear  that  C = 


/ ■/ 

R 


f ^x^  Ax  dx^ . . .dxj^ 


To  determine  the  value  of  the  integral,  we  will  make  a transformation  which  rotates 
ans  scales.  Let  T be  an  orthonormal  matrix  such  that  T'AT  = D,  where  D is  a 
diagonal  matrix.  Make  the  change  of  variables 

-1 

X = TD^  z. 


The  Jacobian  J of  this  transformation  is 


J « 


3x, 

vA2 

N 

3Xj^ 

3x^ 

32^ 

• 

• 

• 

3x^ 

0X2 

N 

3x 


‘N 


3z. 


3xi 


3z. 


3x 


N 


3z 


N 


» |t] 
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Since  T is  an  orthornornnai  matrix^  iT  i = 1 and 

1d1  = It'atI  = |rl  1a1  |t[  = IaI. 

So  the  Jacobion  is  the  determinant  IaI  which  is  positive  since  A is  positive 
definite . 


1=  S S ^ ^x'Ax  ^ dx^.  ..dX|^ 


x'Ax  c R 


= J •••  f f (Vz'D”^/^  ATD"^/^2)dzj . . . 

Vz'D“^/^'ATD"’/^ 


2 eR 


= IaI  S f f(z*z)dzj... 

Vz'z  e R 

Now  change  to  spherical  coordinates. 


dz 


N 


N 


= r cosSj^  cos8^ 
Z2  = r cos9j^  cos92 


“=W 

'•  “«n-2 


.j  - r cos3^  ...  cos3|^j 
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N-2  N-2 

The  Jacobian  of  this  transformation  is  (-1  cos  6^  cos  ; • • .cos 

n/2  iI/2  20 

J 1 - I 1 


f (r)r ‘■^cOS^^9j^cos^'^9 


reR  e--n/2  0t4.2*-n/2  =0 


COS0  -drd0, .. ,d 
N-2  1 


n/2 


E/2 


I *1-2/2  f ^-1^/  Nj  f N-2„  I 

JAJ  r f(r)dr  cos  9j^d9^  J 


xeR 


9j^=-n-/2 


hl-3 

cos  02d92« 


nlz 


2n 


i ““®N-2  \ 


0 -=-n/2  0 

N"2  N-2 


n/2 

Since  J 
e »-n/2 


N , 

cos  0d0  = 


M 


r i 


r(i|?) 


24,  the  integrals  are  readily  evaluated 


-2* 


2**‘ 
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-4u  ^ 2 - 

Next  we  determine  the  normalizing  constant  c for  the  forms  e ^ and  (T  + u ) ^ 
Case  1 . Multivariate  Normal 

The  density  function  for  the  multivariate  normal  distribution  is  of  the  form 

f(  >'x‘Ax)  = e o < x*Ax<  oo 

, 7 
or. 


f(r)  - e , o^r  ^ w • 


Since 


/ r'^''f(r)dr  = r"r'^''  .'‘''dr  = <”(2u  ) ^ e"''d.,  = 2 ^ r 

. / ^ ^ ° " 
then  the  normalizing  constant  is 


1.2 


N-2 
2 ‘u 


N-2 


m 


c = 


xM 

N 


2ir  ^ |a|  ^f(r)dr 

re  R 

1 

n 

(2ir)  2 |A]i 


Af) 


2Tr2|Aj"^2^  i(t) 


and. 


f(/'x*Ax) 


± 


TT  , 

(27r)^  lAl"^ 


^“ix'Ax,  o<x'Ax<  00 


Cose  2.  Multivariate  Pearson  Type  VII. 

ff /x*Ax  ) = (1+  x'Ax)  , o ^ x'Ax^  00  . 
then,  i^_9 

/r'^''f(r)dr  = /“'^■'(1-trV"dr  = / u 

r(^)tf) 

. r (m) 


2o" 


- i 


And  the  normal  izing  constant  is 

/t)  r fa) 


2 


C = 


IM. 


nT*^  lAl  ^ ir(2)r(m-  ir  ^ |Af  2 r (m-T) 


ond,  f (/^) 


r (m)  lA^ 


(1  + x'Ax)  , m>>  2 , o<x*Ax4^ 


N 


f I 

" ^ r lm-2  j 


1*3  Covariance  Matrix  For  Multivariate  Distributions* 

Given  the  density  function  f (i/x‘Ax  ) we  want  to  find  the  covariance  matrix  | , 

1=  E(xx' ) = c J* . . .J  xx'  f (/x'Ax  )dx^  . . . dxj^ 

A'Ax  e R 
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wIkto  c h a liOi  mr.Iizim  cc:»'tant  on.  ? In*  is  the  clni?  lulon  of  x,  Usln.n  five  orllioriormal 
Iransforrr.ot  icr  T*AT  - D,  \v!u  r«*  D i$  a chcjonal  ni'Jli  ix^  and  scalinrj  v/ith  x-TD  ' z, 
v/c  have  \ ^ ^ 

4.  ^ c/.  . .j*  (ID  ^z)  {Jd  • T')  f{./v^;)  1.^1  ^dzj  . . . 

.^cR 


since 


~J.  -?  X 

x'AX  = z'D  -T'  ATD  ^ r = z*  D ‘ D D'z^  z’z 


and 


J- 


N 

Rearranging, 


3>:, 


dz. 


‘3 


5>;^, 


N 


^1 


=1t  D*^HTi;Df-' =lDl~^  = lT'AT|  = lAj“^  . 


JL 


•^1 


t =G  1a!  2 t d“2  f . . z'  f (/5N7  dz^  ...  dzj^  D ^ V, 

/z'z  c R 

v/here  z'z  is  cn  N x N rr.ah  ix.  Looking  at  the  off  diagonaf  terms,  for  i ^ j, 
jf,  . .J'z'^  Zj  f(/zjZj ) dz  . . dzj^=  0 since  v/e  ore  integrating  an  odd 

function  over  even  limits. 

For  term;  of  i dong  the  diegend  , for  i=j/ 

2 ■ ^ r 2 A 

• •'  Zj  fi^v^z  z)  dz  ^ • • .dzi^  V * * * J ^]| 

/z*z  ^ R ^’z  e R 

ond  changing  to  spherical  coordinates, 

r r #*^2  ^2m  2 2 2 N"1  N*2 

^ j j ^ r cos  * * *cos  cos  ' 


«R  e,=  0 ^.2 


= y2 


e N-f  ° 


c N+!  rV2  Ki  V2  3 ^2  2 

= J I f(0-r J cos  ®N“2^*'  N~2  *^N~1  N“1 

‘ ‘ .N-.=  -V2 


r eR 


e-y2 


’N-2 


72 


J cos^  0 d 5 


Since  r k 

cor 

-72 


..de 


1961 


Hietj 


J*.  ♦ . J*2 . f (t'z‘  2)  dz  ^ , 


"N 


rm  (4)  44)  (4) 


r e R 
_ 2r 


N 

T 


Nr 


W 


f 

reR 


f(r)dr. 


r(4):(4 


r\2 


From  1,2, 


c _ 


At)  lAi 

N 

2 rN-1 


2ir-  Jr 

rcR 


f(r)  dr 


SO  that  ^ 


i- 


_ r(^)  1a!  td"^ 


2tt  2 Jr^-1f(r)dr 


reR 


and,  1=TD"V' 


r 


N + I 


f(r)  dr 


f(r)  dr 


21T 


N 

T 


Jr^'^Vwdr  D^T’ 
reR 


where  T*  AT  = D,  or  D"^  = T'  A"^T. 


So  that 

t=A-l 


Jr*^'^Vf(r)  dr 
^f(r)  dr 


Since  the  integrals  are  constants  for  any  f,  the  covartance  matrix  is  directly  pro** 
portional  to  A ^ , We  determine  the  constant  of  proporrionallty  for  the  rriultivariate 
normal  and  Pearson  Type  VII  distributions. 
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Case  !•  Multivariate  Normal 


^1. 


For  the  multiyaricte  normal,  the  density  is  of  the  form  f(r)  = ce 
k~l 


2 _ 

r — x’Ax,  o,  . 


r^V  ^ /—V 

Since  f r e ^ dr  = 2 ^ F \ 2 / 

o 

then  j7^*Vf(r)dr  = c2^  T 


N-2 


ond  jT7  f(r)  dr  = c2  ^ T ( 2^) 


N 


N 


so  thaf  i = A 


-1  2^  2 r 


i¥) 


ond  thus,  4<  = A ^ 
or,  A = i 1. 


2 

where 
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Case  2 


Since 


and 


then^ 


Multivoriaie  Pearson  Type  VII. 
f (r)  = c (1  + r^)  ™ , o ^ r ^ oe 
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APPENDIX  II 


NORMALIZATION  PROCEDURE  tO  MAKE  COVARIANCE 
MATRIX  INVARIANT  UNDER  TRANSLATING  AND 
SCALING  TRANSFORMATIONS 


Let  t ^ be  a covariance  matrix  for  the  difference  vectors  of  grey  tone  N-tuples 
in  a specified  spatial  relationship  within  a subimage.  We  transform  the  covariance 
matrix  to  obtain  the  normalized  covariance  matrix  using  y = Dx,  where  x is  the 
difference  vector  and  D is  diagonal.  Thus,  assuming  zero  mean. 


?y=E(yy')==  E (Dxx'D') 

= D E (xx‘)  D' 

= D t D since  D'  = D. 
^x 


For  normalization,  we  have 


where  a.,  is  the  ii*^  element  of  and  is  the  variance  a.^  of  the  i*^^  component  of  x. 

Assume  that  ail  grey  tone  N-tuples  have  a Scale  factor  a and  an  additive 
factor  c so  that  for  N-tuples  ax^  + c and  ax2  + c,  the  difference  becomes 


y = (axj  + c)  - (axj  + c) 
y = a(x^  - Xj). 

Hence,  translational  effects  due  to  bias  terms  are  cancelled  but  scaling  effects 
ore  marked  by  the  diagonal  transformation  y = Ax  so  that  the  elements  of  the  covar- 
iance matrix  become 


i=  E (yyl)=  E (Axx'A') 

i=A^^A 
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where  A is  a diagonal  matrix.  We  must  show  that  the  normalized  covariance 
matrix  of  I,  is  identical  to  Normalizing  | we  have 

-d(a|:^a)d 


where  D is  again  diagonal  but  in  this  cose, 

1 


n / ^ 

4/a..  Q./ 

^ li  II 


with  a*,  the  ii^^  element  of  diagonal  matrix  A,  For  the  ij^^  element  of  we 


• .th 


have 


cr,. ...  = d..  a.,  a.,  a.,  d.. 

Nij  II  ti  ij  jj  jj 


a . a a 


Vt 2 I i 

If  " " If  JJ  JJ 


cr.  • • 

•j 


Thus,  this  procedure  of  normalization  makes  the  entries  of  the  normalized  covariance 
matrix  invariant  with  respect  to  translating  and  scaling  transformations  on  the  grey 
tone  N^tuples, 
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DIGITAL  IMAGE  ENHANCEMENT  TECHNIQUES  USED  IN  SOME  ERTS  APPLICATION 
PROBLEMS 

Alexander  F H.  Goetz  and  Fred  C.  Billingsley,  (Jet  Propulsion  Laboratory,  California  Institute  of  Technology, 
Pasadena,  California) 


ABSTRACT 

Enhancement  and  classification  are  not 
competing  methods  for  machine  image  analysis. 

In  fact  enhanced  images  can  he  used  alone  or  as 
inputs  to  classification  routines.  However^  in 
some  prohlems  the  spatial  relationships  are  equal 
in  importance  to  the  classification  results  and 
enhancements  can  be  designed  to  provide  both  types 
of  information  in  one  image. 

Enhancements  discussed  include  contrast 
stretching,  multiratio  color  displays,  Fourier 
plane  operations  to  remove  striping  and  boosting 
MTP  response  to  enhance  high  spatial  frequency 
content.  The  use  of  each  technique  in  a specific 
application  in  the  fields  of  geology,  georaorphology 
and  oceanography  is  demonstrated. 


imROIUCTIQII 

Digital  processing  of  ERTS  images  is  the  only  means  of  fully  utilizing 
the  quantitative  data  contained  in  them.  Two  general  classes  of  digital 
data  manipulation  have  emerged  which  can  be  defined  loosely  as  classifi- 
cation and  enhancanent. 

Classification  is  understood  as  the  identification  of  subsets  of 
(typically)  multispectral  data  based  on  several  decision  criteria.  The 
classification  can  be  ^supervised, " in  which  training  areas  are  established, 
or  "unsupervised,"  in  which  boundaries  are  drawn  among  sets  of  data  which 

naturally  cluster.  The  results,  in  the  form  of  spatially-arranged  decisions 

* Jet  Propulsion  Laboratory,  California  Institute  of  Technology,  Pasadena,  California 

This  paper  presents  the  results  of  one  phase  of  research  carried  out  at  the 
Jet  propulsion  Laboratory,  California  Institute  of  Technology,  under  Contract 
No.  NAS  7^100  sponsored  by  the  National  Aeronautics  and  Space  Administration. 
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substituted  for  the  data,  are  normally  displayed  on  line  printer  sheets 
with  appropriate  symbols. 

Enhancements,  on  the  other  hand,  are  in  general  manipulations  of  image 
data  directly,  and  the  result  is  displayed  as  an  image.  This  technique 
allows  the  photo-interpreter  to  make  decisions,  based  on  a useful  subset  of  the 
image  data,  which  otherwise  may  be  beyond  the  capability  of  computer  pattern 
recognition  techniques  or  prohibitively  costly.  Types  of  enhancements,  such 
as  the  combined  color  ratio  display  discussed  below,  can  also  be  considered 
to  be  preludes  to  classifications  in  which  the  interpreter  draws  the  bound- 
aries. However,  the  retention  of  the  spatial  relationships  in  the  manip- 
ulated image  adds  a dimension  particularly  useful  to  a human  interpreter. 

Enhancement  techniques  should  not  be  regarded  as  competing  with  classi- 
fication techniques.  Each  has  its  own  specific  application  to  which  it  is 
best  suited.  Enhancements  can  very  well  be  used  as  "preprocessed"  data  for 
classification  schemes.  For  instance,  coherent  noise  suppression  methods 
described  below  can  be  used  to  remove  the  six-line  striping  found  on  almost 
all  ERTS  images  which  blurs  division  boundaries  in  classification  schemes. 

In  the  following  discussion  several  techniques  for  enhancement  will  be  out- 
lined and  their  application  to  specific  problems  using  ERTS  data  will  be 
presented. 

TECHNIQUES  AHD  APPLICATIONS 
Contrast  Stretching 

The  ERTS  MSS  was  designed  with  a sufficient  dynamic  range  to  make  images 
at  low  sun  angles  in  arctic  regions  as  well  as  at  high  sun  angles  in  low- 
latitude,  high  albedo  desert  regions.  Consequently  most  images  occupy  only  a 
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fraction  of  the  available  dynamic  range  and,  therefore,  have  relatively  low 
contrast.  The  result  is  most  apparent  in  the  ’’false  color  IR”  reproductions 
of  three  MSS  bands.  In  general  only  shades  of  red  are  apparent  because  the 
highest  contrast  in  the  image  is  between  bands  4 or  5 and  bands  6 and  7. 
Increasing  the  contrast  of  the  individual  bands  before  color  composites  are 
made  is  strikingly  effective,  as  shown  in  Figure  1. 

Although  contrast  can  be  increased  by  photographic  means,  manipulating 
digital  data  directly  in  the  computer  has  the  advantage  that  the  stretching 
or  increase  in  contrast  is  absolutely  controlled  and  no  data  are  lost  due  to 
non-linearities  and  base  fog  increase.  In  addition  data  remains  in  a quanti- 
tatively retrievable  form. 

Contrast  stretching  to  form  images  of  higher  color  contrast  with  a neutral 
average  color  balance  begins  with  the  formation  of  a histogram  of  the  number 
of  picture  elements  (pixels)  versus  the  brightness  or  digital  number  (DN). 

The  maximum  of  the  histogram  is  shifted  to  the  center  of  the  output  picture 
gray  level  distribution.  The  brightness  range  of  interest,  which  may  be  all 
or  part  of  the  data  displayed  in  the  histogram,  is  then  expanded  to  fill  the 
entire  black-white  range  of  the  output  film.  The  stretch  may  be  linear  or 
non-linear,  depending  on  which  portion  of  the  brightness  range  requires  the 
greatest  contrast  enhancement.  Stretching  is  discussed  in  more  detail  by 
Billingsley  and  Goetz  (1973)  and  Rowan  £t  (1974)  . 

Precise  geologic  mapping  was  not  possible  on  the  unstretched  Images.  How- 
ever, the  stretched  false  color  IR  composite  shown  in  Figure  1 provided  enough 
detail  to  map  all  the  major  geologic  units  (Goetz  et  al,  1973).  Automatic 
classification  schemes  were  not  required  and  subsequently,  expensive  computer 
processing  was  unnecessary. 
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Figure  Ib.  Same  scene  as  Figure  la^  but  produced  from  digital  tape.  Each 
hand  *^as  contrast  stretched  by  a factor  of  I. 5 before  compositing. 
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Ratloing 

The  method  of  ratioing  multlspectral  images  can  be  viewed  as  another  form 
of  contrast  enhancement*  Its  greatest  value  is  in  the  eiihhnceii^nt  of  ixaages 
which  have  very  low  contrast  or  ones  in  which  there  is  high  terrain  relief. 
Smedes  ^ ^ (1971)  and  Crane  (1971)  have  used  ratioing  as  a preprocessing 
step  for  further  analysis  by  automatic  classification  techniques. 

The  advantage  of  the  color  combined  ratio  technique  to  be  discussed  is 
that,  with  a minimum  of  computer  manipulation,  an  image  can  be  produced  in 
which  maximum  contrast  among  targets  of  interest  is  achieved  with  concomitant 
preservation  of  spatial  detail  necessary  for  photo  interpretation. 

Twelve  ratios,  of  which  only  three  are  independent,  can  be  produced  from 
the  four  MSS  bands.  The  ratioing  process  itself  consists  of  dividing  the 
brightness  DN  of  an  image  in  one  spectral  band  by  the  DN  of  another,  point  by 
point.  Corrections  for  path  radiance  must  be  made,  particularly  for  low  albedo 
objects,  because  the  presence  of  an  additive  term  in  the  signal  will  cause 
errors  in  the  ratio.  The  use  of  cloud  shadows  in  the  image  for  determining  the 
path  radiance  contribution  is  discussed  by  Goetz  (1973). 

Ratioing  is  a normalization  process  which  clusters  regions  of  like  spectral 
reflectivity,  regardless  of  brightness  differences  brought  about  by  geometric 
factors  such  as  surface  orientation.  The  ratioing  process  is  important  for 
differentiating  among  geologic  materials  because  there  are  no  sharp  diagnostic 
absorption  lines  in  mineral  spectra.  The  separability  of  t3rpes  is  based  on  the 
slopes  of  the  reflectivity  curves.  Whitaker  (1965)  made  one  of  the  earliest 
successful  attempts  to  discriminate  among  rock  units  on  the  moon  on  the  basis 
of  differences  in  slope  of  the  spectral  reflectivity  curves  at  two  wavelengths. 
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Photographic  masking  techniques  were  used,  Billingsley  et^ ^ (1970) 
demonstrated  a similar  capability  using  digital  techniques. 

The  present  technique  makes  use  of  three  ratios.  Each  ratio  is  Individ^ 
ually  stretched  to  the  maximum  without  appreciable  loss  of  data.  Since 
terrain  effects  are  minimized  by  ratioing,  the  brightness  distribution  in  the 
ratio  image  is  much  narrower  than  in  either  original  picture,  making  possible 
a much  greater  contrast  enhancement.  An  increase  in  contrast  by  a factor  of 
10  is  often  possible.  Non-linear  stretches  also  can  be  applied.  Typically, 
individual  ratios  are  converted  to  black  and  white  film  transparencies.  Color 
additive  prints  are  made  from  combinations  of  three  such  transparencies. 

Figures  2 and  3 show  the  result  of  the  ratio  process  for  an  area  near  Goldfield, 
Nevada.  Figure  2 shows  the  contrast  stretched  color  additive  composite  of  MSS 
bands  4,  5,  and  7.  Figure  3 is  the  ratio  of  bands  4/5,  5/6,  and  6/7  produced 
as  red,  blue,  and  green,  respectively.  Several  photographic  methods,  including 
masking,  were  tried  but  were  not  successful  in  separating  out  areas  containing 
limonite.  Rowan  e£  al  (1973)  discuss  the  results  of  a study  using  the  ratio 
image  in  Fig.  3.  Areas  of  hydrothermal  alteration,  with  associated  gold  and 
silver  mineralization,  were  uniquely  detected  in  the  mining  districts  in  the 
Goldfield  area.  The  separation  of  the  altered  areas  is  based  on  the  fact  that 
limonite  and  hydrothermally  altered  clays  have  a characteristic  dip  in  their 
reflectance  spectra  near  0.9  pm.  However,  the  spectra  are  similar  to  those  of 
the  clays  filling  the  surrounding  playas.  Only  ratioing,  severe  contrast 
stretching,  and  the  use  of  color  con^ositing  made  possible  the  separation.  This 
application  has  promise  for  detecting  hydrothermally  altered  areas  and  possible 
associated  mineralization  in  arid  regions  world-wide.  The  time  required  to  pro- 
duce the  three  ratios  for  the  1/3  ERTS  frame  was  4^  minutes  on  the  JPL  360/44, 
considerably  less  than  required  for  a full  classification  procedure. 
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Figure  2.  Stretched  color  additive  composite  of  bands  k,  5 and  7 of  frame 
EIO72-I8OOI  showing  the  region  sxirrounding  Goldfield,  Nevada. 
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Figure  3»  Ratio  color  composite  of  the  frame  shown  in  Figure  2*  The 
alteration  zone  surrounding  Goldfield  is  shown  in  green  above  center  near 
the  left  hand  edge  of  the  frame* 
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Krinsley  (1973)  used  color  ratio  combinations  in  the  study  of  large 
playas  in  central  Iran.  With  prior  ground  control  bearing  strengfehs  can 
be  inferred  from  the  changing  hydrologic  conditions  through  the  seasons. 

On  the,  basis  of  this  work  a new  route  has  been  selected  across  the  Great 
Kavir  which  would  shorten  the  present  distance  between  northern  and  central 
Iran  by  760  km.  Figure  4 shows  a CCT  playback  of  band  7 with  a contrast 
stretch  designed  to  preserve  most  of  the  image  data.  Detail  in  the  playa 
is  absent.  A stretch  applied  to  the  playa  alone  is  shown  in  Fig.  5.  Although 
detail  is  shown  well  in  the  black  and  white  stretched  image,  the  color  com- 
bined ratio  image  in  Fig.  6 is  much  more  useful  because  the  entire  surround- 
ing area  is  visible  while  the  moist  areas  are  greatly  enh^ced.  The  ratio 
pictures  also  show  subtle  variations  in  salt  crust  morphology  and  in  moisture 
content  (Krinsley,  1973). 

Spatial  Frequency  Enhancement 

Filtering  in  both  the  frequency  and  spatial  domains  has  applications  in 
enhancing  geologic  structures  and  in  increasing  apparent  resolution  in  ERTS 
frames.  Figure  7 shows  an  area  on  the  Coconino  Plateau  discussed  by  Goetz 
(1973).  A 1 X 35  element  horizontal  spatial  filter  was  applied  to 
increase  local  contrast  sharply  and  make  visible  linear  structures,  joints  and 
faults  not  otherwise  discernible  on  the  unenhanced  image.  An  additional  result 
of  the  application  of  the  horizontal  filter  is  the  removal  of  striping  effects. 

Enhancement  of  high  frequency  spatial  information  in  ERTS  images  is  neces- 
sary when  the  ultimate  resolution  is  required.  Morrison  and  Cooley  (1973)  are 
studying  rapid  arroyo  cutting  in  southern  Arizona.  The  ERTS  MSS  resolution  is 
not  quite  sufficient  for  some  aspects  of  the  study.  Figure  8 documents  an 
attempt  to  boost  the  modulation  transfer  function  (MTF)  by  operations  in  the 
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Figure  !(•.  Portion  of  frame  EIO6I-O638I-5  showing  a large  Iranian  playa. 
Contrast  stretch  has  subdued  playa  detail. 
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Figvire  5*  Playa  region  in  band  6 has  been  contrast  enhanced  approximately 
by  a factor  of  I5«  Only  15  gray  levels  are  displayed. 
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Figure  6.  Ratio  color  composite  of  l^and  ratios  k/j^  5/6^  5/7. 
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frequency  domain  as  discussed  by  Nathan  (1971) • This  type  of  filtering 
raises  the  modulation  of  high  spatial  frequency  components  (fine  detail)  in 
relation  to  the  low  frequency  components  (gross  changes) • Since  to  date  there 
is  no  precise  .calibration  of  the  MTF  of  the  MSS,  a correction  function  has 
been  chosen  which  produces  a graceful  correction  without  ringing.  Figure  8a 
is  taken  from  a 9-inch  positive  transparency  as  received  from  Goddard  Space 
Flight  Center.  Figure  8b  is  the  image  taken  from  the  CCT  and  magnified  by 
introducing  pixels  at  each  intersection  which  have  the  average  value  of  their 
neighbors.  This  procedure  minimizes  high  frequency  losses  otherwise  intro- 
duced in  the  display  by  the  film  recorder-  A significant  difference  is  noted 
between  Figures  8a  and  b,  since  the  former  is  a 5th  generation  print  and  the 
latter  can  be  considered  to  be  second  generation.  Figure  8c  represents  8b 
after  MTF  correction*  Notice  the  increased  sharpness  of  the  field  boundaries 
and  visibility  of  the  roads.  In  particular,  the  drainage  detail  has  been 
significantly  increased  over  that  seen  in  the  GSFC  print. 

Multiple  Operations 

Figure  9 is  an  example  of  the  application  of  a number  of  methods  discussed 
above  applied  to  a specific  problem  in  physical  oceanography.  Figure  9 is  a 
small  portion  of  a frame  covering  the  New  York  Bight.  Of  particular  interest 
is  the  large  group  of  apparent  internal  waves  (Apel  and  Chamell,  1973)  seen 
for  the  first  time  in  this  image.  Figure  9a  is  a 256  x 256  pixel  portion  of 
Frame  E 1024  - 15071  and  an  average  of  bands  5 and  6 to  which  a cube  root  stretch 
has  been  applied.  A two-dimensional  Fourier  transform  was  computed  and  those 
coefficients  associated  with  the  six-line  striping,  shown  by  the  bright  points 
in  the  right  half  of  Fig.  9a,  were  removed.  Fig.  9b  shows  the  noise  image  which 
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Figure  8b.  Same  area  as  Figure  8a,  produced  from  digital  tape  and 
magnified  by  doubling  the  numbers  of  lines  and  samples  by  adding  interpolated 
pixel  values. 
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Figure  9a.  Upper  left  image  pair.  256  x 256  segBent  of  E102l»-I507I,  bands 
5 and  6 averaged.  2 dimensional  Fourier  transform  of  the  image  showing  noise 
spikes  from  6 line  striping  as  black  points.  9t>)  Noise  image  removed  from  9& 
to  produce  9c.  9c)  Enhanced  wave  image  rotated  1»5° . 9d)  Line  average  plot 

of  pixel  values. 
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was  removed  to  produce  Fig.  9c.  The  inverse  transform  was  computed  and  a 
gain  factor  of  1.5  applied  to  increase  contrast.  The  resulting  image  was 
rotated  45°  to  position  the  wave  fronts  perpendicular  to  the  scan  lines  and 
this  ,image  is  shown  in  Fig.  9c.  Selected  lines  in  the  upper  portion  of  the 
image  were  averaged  and  plotted  in  Fig.  9d.  In  this  figure  the  extraordinary 
nature  of  the  waves,  with  wavelengths  of  over  \ kilometer,  can  be  seen.  The 
alternating  light  and  dark  bands  are  surface  manifestations  of  low  amplitude 
internal  waves  in  the  mixed  layer,  interacting  with  the  boundary  of  the  con- 
tinental shelf.  The  locally  induced  surface  currents  collect  hydrophobic 
materials  in  stripes  and  smooth  the  capillary  waves  causing  a change  in 
apparent  reflectance. 

SUMMARY 

A number  of  applications  problems  in  the  fields  of  geology,  geomorphology, 
and  oceanography  have  been  attacked  by  use  of  computer  enhanced  ERTS  images. 
Displaying  a useful  subset  of  image  information  in  a proper  spatial  context  is 
the  key  to  successful  man-machine  interaction.  A number  of  problems  can  be 
solved  with  simple  and  relatively  inexpensive  techniques  in  the  computer  which 
are  cumbersome  if  not  impossible  to  perform  photographically.  Enhancement 
methods  complement  classification  techniques  and,  in  some  cases,  enhancements 
can  provide  preprocessing  inputs  to  classification  routines  for  superior  results. 
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